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Abstract

Mating and receipt of male Sex Peptide hormone cause increased egg laying, increased

midgut size and decreased life span in female Drosophila. Feeding mated females with the

synthetic steroid mifepristone decreases egg production, reduces midgut size, and

increases life span. Here, several gene mutations were assayed to investigate possible

mechanisms for mifepristone action. Drosophila Dhr96 is a hormone receptor, and a key

positive regulator of midgut lipid uptake and metabolism. Dhr96[1] null mutation increased

female life span, and reduced the effects of mifepristone on life span, suggesting that Dhr96

[1] mutation and mifepristone may act in part through the same mechanism. Consistent with

this idea, lipidomics analysis revealed that mating increases whole-body levels of triglycer-

ides and fatty-acids in triglycerides, and these changes are reversed by mifepristone. Mater-

nal tudor[1] mutation results in females that lack the germ-line and produce no eggs.

Maternal tudor[1] mutation increased mated female life span, and reduced but did not elimi-

nate the effects of mating and mifepristone on life span. This indicates that decreased egg

production may be related to the life span benefits of mifepristone, but is not essential.

Mifepristone increases life span in w[1118] mutant mated females, but did not increase life

span in w[1118] mutant virgin females. Mifepristone decreased egg production in w[1118]

mutant virgin females, indicating that decreased egg production is not sufficient for mifepris-

tone to increase life span. Mifepristone increases life span in virgin females of some, but not

all, white[+] and mini-white[+] strains. Backcrossing of mini-white[+] transgenes into the w

[1118] background was not sufficient to confer a life span response to mifepristone in virgin

females. Taken together, the data support the hypothesis that mechanisms for mifepristone

life span increase involve reduced lipid uptake and/or metabolism, and suggest that mifep-

ristone may increase life span in mated females and virgin females through partly different

mechanisms.
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Introduction

Mifepristone (RU486) is a synthetic steroid with a long history of safe and effective use in

humans [1, 2]. Mifepristone antagonizes the progesterone receptor, enabling its use in birth

control. In addition, mifepristone antagonizes the activity of the type II glucocorticoid recep-

tor, enabling its use as treatment for Cushing’s disease [1, 2]. Mifepristone is also reported to

be a mammalian PPARγ agonist that activates expression of PPARγ target genes [3, 4]. Several

studies report anti-obesity and anti-diabetic effects of mifepristone in humans and mice [5–8].

Mifepristone reduced fasting-stimulated lipolysis in mice [9], and reduced glucocorticoid-

stimulated lipolysis in cultured rat adipocytes [10]. Consistent with this, short-term treatment

with 5mg/kg mifepristone reduced serum triglyceride levels and improved adipose and hepatic

insulin sensitivity in obese human patients with hyperglycemia [7]. Both the glucocorticoid

receptor and PPARγ are implicated as potential targets for mifepristone’s anti-obesity and

anti-diabetes effects in mammals, and it is possible that additional relevant mifepristone targets

remain to be identified.

Mifepristone also exhibits striking physiological effects in Drosophila. In female Drosoph-

ila, mating and male Sex Peptide (SP) hormone cause increased juvenile hormone (JH) and

ecdysone hormone levels. JH and ecdysone induce midgut hypertrophy, inflammation mark-

ers, and increased amino acid (AA) and lipid metabolism [11–13], which supports increased

egg production [14–17]. The midgut hypertrophy, increased AA metabolites and lipids,

inflammation, and decreased survival caused by mating and SP can each be reversed by feed-

ing mated females mifepristone, yielding +100% increase in median life span in long-lived

strains [18–20]. Mifepristone also increased life span of virgin females by +16–30%, on both

normal and high-fat diet (HFD), in long-lived strains [21]. In both mated and virgin females,

mifepristone decreased whole-body levels of several lipids and numerous AA metabolites [21].

The effect of mifepristone on food intake has been assayed using the dye-uptake assay [19], the

CAFÉ assay [18], and the excrement quantification (EXQ) assay [20, 21]. Remarkably, mifep-

ristone did not reduce food intake in either mated or virgin females, on normal or HFD, and

was often associated with increased food intake, suggesting a possible compensatory response

to reduced nutrient absorption or metabolism. In contrast, under extremely low nutrient con-

ditions, mifepristone has been reported to have an aversive effect, which may be relevant to

studies of dietary restriction [22]. Effects of mifepristone in Drosophila do not require pres-

ence of the Gene-Switch transcription factor [18, 19]. In addition, mifepristone has no detect-

able antibiotic activity in vivo or in vitro, and mifepristone increases life span of mated females

under both normal and axenic conditions [23, 24]. The Drosophila midgut has been well-char-

acterized in terms of its anatomy and function in uptake of nutrients, including lipids [25–28].

Because of its molecular and genetic tractability, Drosophila provides an ideal model in which

to investigate the mechanisms of mifepristone, including identifying potential mifepristone

receptors. Drosophila contains orthologs for all major subclasses of vertebrate receptors [29].

Mifepristone reduces progeny production in mated Drosophila females [19], suggesting the

possibility that some or all of the life span benefits of mifepristone might be due to reduced

generation of eggs. To begin to address this possibility, flies were analyzed where the germ-line

cells were ablated using a maternal tudor[1]mutation [30, 31]. Tudor is required for specifica-

tion of germ-line cells in developing eggs, and in its absence the eggs develop into sterile adults

that lack the germ-line. Here these sterile females were found to still exhibit modestly increased

life span in response to mifepristone, indicating that reduced egg production is not strictly

required for mifepristone-induced life span extension. The Drosophila Dhr96 gene encodes a

hormone receptor that functions in the midgut to regulate lipid uptake and metabolism [32–

34]. Dhr96 protein is orthologous to several human hormone receptors, including the Vitamin
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D receptor and the LXR (NR1H) receptor [29, 35]. Dhr96[1]mutant phenotypes include

reduced whole-body triglyceride levels, and a modestly increased sensitivity to xenobiotics

such as DDT. Dhr96 protein is reported to bind cholesterol as a ligand [35], and given the sim-

ilarity in structure between cholesterol and mifepristone, we hypothesized that Dhr96 might

be a mifepristone target. Here, the Dhr96[1]mutation is found to increase life span, and to

reduce the effects of mating and mifepristone on life span in female Drosophila, suggesting

that mifepristone and Dhr96[1]may act in part through the same mechanism. Consistent with

this possibility, lipidomics analysis reveals that mifepristone reduces whole-body levels of tri-

glycerides and fatty-acids. Taken together, the data implicate reduced midgut lipid uptake

and/or metabolism as one likely mechanism for mifepristone life span extension.

Results

Effect of Dhr96[1] mutation on life span and the response to mating and

mifepristone

The Dhr96[1] null mutation was generated using the “ends-in” targeting method, which

yielded a deletion of Dhr96 exon 4, and the insertion of the 3xP3-eGFPmarker gene that pro-

duces expression of eGFP in the eye [32, 36]. The Dhr96[1]mutation was backcrossed for 9

generations into the w[1118] reference strain background, and made homozygous by scoring

the 3xP3-eGFPmarker (S1A–S1C Fig). The presence of the expected 331bp deletion of exon 4

was confirmed by PCR (S1D–S1F Fig). Consistent with previous reports [32, 37], the Dhr96[1]
strain showed modestly increased sensitivity to DDT toxicity relative to the w[1118] control

strain (S1G Fig).

The Dhr96[1] strain and the w[1118] control strain were assayed for life span in virgin

females and mated females, in the presence and absence of mifepristone, in four replicate

experiments (Fig 1A–1D; Fig 2A–2D; Table 1). Consistent with previous assays of the w[1118]
strain [19], COX proportional hazard analysis (COX-PHA) showed a significant effect of mat-

ing and a significant interaction between mating and mifepristone (S1 Table). Mating

decreased life span, with decreases ranging from -11% to -30%, and mifepristone increased life

span in the mated females, with increases ranging from +6% to +40% (Table 1). In addition,

COX-PHA revealed a significant effect of Dhr96[1]mutation on life span (S1 Table). Consis-

tent with that result, pair-wise comparisons show that Dhr96[1]mutation significantly

increased life span in virgin females in 2/4 assays, and significantly increased life span in

mated females in 3/4 assays, and no significant decreases due to Dhr96[1]mutation were

observed (Table 1). Finally, COX-PHA also revealed a significant interaction between Dhr96
[1]mutation and mating (S1 Table). Dhr96[1]mutation reduced the beneficial effect of mifep-

ristone in mated females relative to its effects in the w[1118] controls: Mifepristone signifi-

cantly increased life span in w[1118]mated females in 4/4 assays, with increases ranging from

+6% to +39%. In contrast, mifepristone significantly increased life span in Dhr96[1]mated

females in only 1/4 assays, with an increase of +7% (Table 1).

Effect of methoprene and HFD on life span in Dhr96[1] and w[1118]
strains

Methoprene is a juvenile hormone analog that has previously been shown to reduce life span

in virgin females [38], and this negative effect was partially rescued by mifepristone in a long-

lived genotype (progeny of w[1118] x yw;ElavGS) [20]. Here methoprene was assayed for effect

on virgin female life span in the Dhr96[1] strain and the w[1118] control strain, in presence

and absence of mifepristone, in two replicate experiments (Fig 2A–2D; Table 1). Consistent
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with previous studies, methoprene reduced virgin female life span, with decreases ranging

from -37% to -56%; however, no rescue by mifepristone was observed in w[1118] strain, and

no consistent rescue was observed in the Dhr96[1] strain (Table 1).

A HFD, containing either 2.5% or 5% coconut oil (CO), was assayed for effect on virgin

female life span in the Dhr96[1] and w[1118] control strains, in the presence and absence of

mifepristone (Fig 2E and 2F). COX-PA revealed a significant effect of CO, and a significant

interaction between CO and Dhr96[1]mutation (S2 Table). CO decreased life span in a dose-

dependent manner, and had slightly greater effect in Dhr96[1] strain relative to the w[1118]
control strain (Table 2). Notably, no rescue of the decreased life span caused by HFD was

observed for mifepristone in either genotype (Fig 2E and 2F; Table 2).

Dhr96[1] mutation effect on egg laying

Egg laying was assayed in virgin females and mated females of the Dhr96[1] strain and w
[1118] control strain, in the presence and absence of mifepristone, at days 4, 6, 8 and 12 of

drug treatment (Fig 3A and 3B), and total eggs laid was estimated using area-under-curve

Fig 1. Dhr96[1] mutation effect on life span and response to mifepristone. A. w[1118] strain, experiment 1. B. Dhr96[1] strain, experiment 1. C.

w[1118] strain, experiment 2. D. Dhr96[1] strain, experiment 2. VF, virgin female. MF, mated female. (+), 200μg/ml mifepristone. Statistical

summaries presented in Table 1.

https://doi.org/10.1371/journal.pone.0292820.g001
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Fig 2. Dhr96[1] mutation effect on life span and response to mifepristone, methoprene and HFD. (A-D) Life span assay and effect of

methoprene. VF, virgin female. MF, mated female. (+), 200μg/ml mifepristone. +Met, 100μg/ml methoprene. A. w[1118] strain, experiment 1. B.

Dhr96[1] strain, experiment 1. C. w[1118] strain, experiment 2. D.Dhr96[1] strain, experiment 2. Statistical summaries presented in Table 1. (E,

F) Life span assay and effect of HFD. Virgin female (VF) life span was assayed in absence and presence of the indicated concentrations of

coconut oil (CO). E. w[1118] control strain. F. Dhr96[1] strain. Statistical summaries presented in Table 2.

https://doi.org/10.1371/journal.pone.0292820.g002
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Table 1. Effect of Dhr96[1] mutation on life span in response to mating, mifepristone and methoprene.

Experiment Genotype Sex/status Drug N Med 90% Mort ΔMeda (%) pa ΔMedb (%) pb

1 w[1118] VF - 95 34 50

1 w[1118] VF (+) 93 32 46 -5.88 0.3857

1 w[1118] MF - 97 30 46 -11.8 0.1258

1 w[1118] MF (+) 92 40 69 33.3 6.16E-8

1 Dhr96[1] VF - 94 55 70 61.8 8.93E-10

1 Dhr96[1] VF (+) 94 45 70 -18.2 0.3597

1 Dhr96[1] MF - 92 29 56 -47.3 1.53E-9 -3.33 0.1812

1 Dhr96[1] MF (+) 97 32 70 10.3 0.0194

2 w[1118] VF - 94 44 75

2 w[1118] VF (+) 97 42 71 -4.54 0.7462

2 w[1118] MF - 98 33 58 -25.0 2.55e-5

2 w[1118] MF (+) 97 46 74 39.4 1.60E-7

2 Dhr96[1] VF - 98 62 74 40.9 0.1061

2 Dhr96[1] VF (+) 97 68 80 9.68 0.0029

2 Dhr96[1] MF - 100 43 68 -30.6 7.58E-5 30.3 0.0001

2 Dhr96[1] MF (+) 94 46 76 6.98 0.0106

3 w[1118] VF - 97 43 59

3 w[1118] VF (+) 96 39 63 -9.30 0.7888

3 w[1118] MF - 96 31 53 -27.9 4.78E-6

3 w[1118] MF (+) 99 41 69 32.3 5.39E-7

3 w[1118] VF Met 100 27 39 -37.2 1.76E-21

3 w[1118] VF Met (+) 99 27 47 0.00 0.0253

3 Dhr96[1] VF - 97 54 72 25.5 1.0E-6

3 Dhr96[1] VF (+) 96 43 67 -20.4 0.0018

3 Dhr96[1] MF - 96 35 56 -35.2 8.22E-10 71.0 1.10E-11

3 Dhr96[1] MF (+) 99 32 60 -8.57 0.5734

3 Dhr96[1] VF Met 100 24 42 -55.6 4.80E-18

3 Dhr96[1] VF Met (+) 99 26 48 8.33 0.0004

4 w[1118] VF - 99 38 62

4 w[1118] VF (+) 101 36 62 -5.26 0.9344

4 w[1118] MF - 101 34 50 -10.5 0.0012

4 w[1118] MF (+) 98 36 69 5.88 0.0031

4 w[1118] VF Met 96 24 36 -36.8 1.81E-13

4 w[1118] VF Met (+) 101 24 42 0.00 0.0189

4 Dhr96[1] VF - 98 37 67 0.00 0.3261

4 Dhr96[1] VF (+) 100 32 63 -13.5 0.3141

4 Dhr96[1] MF - 94 39 59 5.41 0.0920 14.7 0.0001

4 Dhr96[1] MF (+) 94 35 70 -10.3 0.3353

4 Dhr96[1] VF Met 97 23 47 -37.8 1.41E-8

4 Dhr96[1] VF Met (+) 95 21 49 -8.70 0.9583

(+), 200μg/ml mifepristone. Met, 100μg/ml methoprene. (a) In each experiment, MF (-) is compared to VF (-) to determine effect of mating, and for each sex/status, (+)

is compared to (-) to determine effect of mifepristone. In experiments 3 and 4, Met is compared to (-) to determine effect of Met, and Met (+) is compared to Met to

determine effect of mifepristone in the presence of Met. (b) In each experiment, VF(-) w[1118] is compared to VF(-) Dhr96[1], and MF(-) w[1118] is compared to MF(-)

Dhr96[1], to determine the life span effect of Dhr96[1]mutation. Med, median. Statistical test is log-rank, and the p value for significance with three comparisons is

p� 0.0167.

https://doi.org/10.1371/journal.pone.0292820.t001
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(Fig 3C). Mifepristone decreased egg production in both virgin females and mated females, in

both genotypes, and no significant effect of the Dhr96[1]mutation was detected.

Dhr96[1] mutation effect on midgut diameter

Maximum midgut diameter was assayed in virgin females, mated females, and mated females

treated with mifepristone (Fig 4). Midgut diameter was assayed in flies at 14 days of age, which

corresponds to 12 days of treatment +/- mifepristone. This time point was selected because

this is the age where life span curves of mated females treated +/- mifepristone typically begin

to diverge, and this time point has previously been found to show robust mating-induced mid-

gut hypertrophy that is reversed by mifepristone treatment [21, 39]. In the w[1118] control

strain, mating caused increased midgut diameter, and this was significantly decreased by

mifepristone treatment, consistent with previous assays of the w[1118] strain and other strains

[21]. A surprisingly different pattern was observed in the Dhr96[1] strain. Increased and more

variable midgut diameter was observed in virgin females of the Dhr96[1] strain relative to the

w[1118] strain, and mating was associated with a small decrease instead of an increase; how-

ever, this decrease was not significant after control for multiple comparisons (Fig 4). In con-

trast, the effect of mifepristone was still observed in the Dhr96[1] strain, where it decreased

midgut diameter in mated females, similar to the effect of mifepristone observed in the w
[1118] strain.

Effect of mifepristone on whole-body lipid levels

Whole-body, multidimensional mass spectrometry-based shotgun lipidomics was conducted

on control and mifepristone-treated flies of the w[1118] control strain, and enabled quantifica-

tion of 226 lipid species (S3 Table) [40–42]. Four replicates of 10 flies each were assayed for

each of 6 groups: virgin males, virgin females and mated females, with and without mifepris-

tone treatment. Measurements were generally highly consistent across replicates, and a signifi-

cant remodeling of the lipidome by mifepristone was observed (Figs 5 and 6). Certain effects

of mifepristone were observed for each of virgin females, mated females and virgin males,

including decreased free fatty-acids (FFA; Fig 5A), decreased triglycerides (TAG; Fig 5B), and

Table 2. Effect of Dhr96[1] mutation on life span in response to HFD and mifepristone.

Genotype Sex/status Drug/diet N Med ΔMed (%) p
w[1118] VF - 94 42

w[1118] VF (+) 94 40 -4.76 0.2515

w[1118] VF 2.5% CO 104 26 -38.1 6.19E-19

w[1118] VF 2.5% CO (+) 100 27 3.85 0.1129

w[1118] VF 5% CO 96 10 -79.2 7.48E-43

w[1118] VF 5% CO (+) 112 10 0.00 0.9749

Dhr96[1] VF - 99 52

Dhr96[1] VF (+) 98 51 -1.92 0.3681

Dhr96[1] VF 2.5% CO 97 22 -57.7 5.19E-16

Dhr96[1] VF 2.5% CO (+) 97 22 0.00 0.9005

Dhr96[1] VF 5% CO 100 10 -83.3 1.28E-45

Dhr96[1] VF 5% CO (+) 97 12 20.0 0.4131

(+), 200μg/ml mifepristone. CO, coconut oil. VF of Dhr96[1] are compared to VF of w[1118] to show effect of Dhr96[1]mutation. For each genotype and diet, CO is

compared to (-) to determine effect of CO, and (+) is compared to (-) to determine effect of mifepristone. The statistical test is log-rank, and the p value for significance

with 4 comparisons is p � 0.0125.

https://doi.org/10.1371/journal.pone.0292820.t002
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decreased fatty-acids (FA) in TAGs (Fig 5C). Several changes were unique to virgin females,

including decreased lyso-phosphatidylcholine (Lyso PC; Fig 5F), decreased lyso-phosphatidyl-

ethanolamine (lyso PE; Fig 5I), increased lyso-cardiolipin (Fig 6C), and decreased free choles-

terol (Fig 6E). In contrast, certain changes were significant only in mated females, including

increased total cholesterol and cholesterol ester (Fig 6D and 6F). Several changes were unique

to males, including increased phosphatidylinositol (Fig 5D), and increased phosphatidylserine

and phosphatidylethanolamine (Fig 5G and 5H).

In addition to differences in the effect of mifepristone across groups, differences in baseline

lipid levels were also observed across the groups. For example, relative to virgin females, mated

females had relatively greater levels of FFA, TAG, and FA in TAG (Fig 5A–5C). Males exhib-

ited a number of striking differences relative to both virgin females and mated females. For

example, males had relatively greater abundance of FFA (Fig 5A), lyso cardiolipin (Fig 6C),

total cholesterol, free cholesterol and cholesterol ester (Fig 6D–6F), and acylcarnitine (Fig 6H).

Fig 3. Dhr96[1] mutation effect on egg laying. (A, B) Average eggs per fly per day. A. w[1118] strain. B. Dhr96[1] strain. C. Total eggs

per fly, estimated by area-under-curve. The statistical test is unpaired, two-sided t test, and the p value for significance with two

comparisons is p� 0.025. The p value for pair-wise comparisons is presented above the plots. VF, virgin female. MF, mated female. (+),

200μg/ml mifepristone.

https://doi.org/10.1371/journal.pone.0292820.g003
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In contrast, males had relatively lower abundance of PI, PC, lyso PC, PS, PE and lyso PE (Fig

5D–5I), PG and cardiolipin (Fig 6A and 6B), and ceramide (Fig 6G).

Maternal tudor[1] mutation effect on life span and response to

mifepristone

To begin to investigate the role of the germ line and egg laying in the effects of mifepristone,

the tudor[1]mutation was analyzed. Maternal tudor[1]mutation results in female progeny

that lack the germ-line and produce no eggs [30]. Because of this grandchildless phenotype,

the tudor[1]mutation is not viable as a homozygous stock, and the tudor[1] bearing chromo-

somes have been maintained over balancer chromosomes at the stock centers for decades. As a

Fig 4. Dhr96[1] mutation effect on maximum midgut diameter. Maximum midgut diameter was assayed in virgin

females, mated females, and mated females treated with mifepristone for both the w[1118] control strain and the

Dhr96[1] strain. The statistical test is unpaired, two-sided t test, and the p value for significance with three comparisons

is p� 0.0167. The change in mean maximum midgut diameter between samples and the p value for significance is

presented above the plots. VF, virgin female. MF, mated female. (+), 200μg/ml mifepristone.

https://doi.org/10.1371/journal.pone.0292820.g004
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consequence, background mutations accumulate on the tudor[1] bearing chromosomes, and

homozygotes have extremely reduced viability. Even when tudor[1] is balanced over a CyO
chromosome bearing a temperature-sensitive lethal mutation (BDSC stock #1786), and

Fig 5. Lipidomics analysis of major lipid classes. The indicated lipid classes were quantified in flies after 12 days treatment with

mifepristone and in no-drug controls. Four replicates of 10 flies each were assayed for each group, and the four replicate values are

plotted with the mean. Each control group was compared to the corresponding drug-treated group using unpaired, two-sided t test, and

the p value is presented at top of the plot; the p value for significance with one comparison is p< 0.05. A. Free fatty acids (FFA). B.

Triglycerides (TAG). C. Fatty acids in triglycerides (FA in TAG). D. Phosphatidylinositol (PI). E. Phosphatidylcholine (PC). F. Lyso

phosphatidylcholine (Lyso PC). G. Phosphatidylserine (PS). H. Phosphatidylethanolamine (PE). I. Lyso phosphatidylethanolamine (Lyso

PE). VF, virgin females. MF, mated females. VM, virgin males. (-), no drug controls. (+), mifepristone treated (200μg/ml mifepristone).

https://doi.org/10.1371/journal.pone.0292820.g005
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Fig 6. Lipidomics analysis of phosphatidylglycerol, cardiolipin, cholesterol and additional lipids. The indicated lipid classes were

quantified in flies after 12 days treatment with mifepristone and in no-drug controls. Four replicates of 10 flies each were assayed for each

group, and the four replicate values are plotted with the mean. Each control group was compared to the corresponding drug-treated group

using unpaired, two-sided t test, and the p value is presented at top of the plot; the p value for significance with one comparison is p< 0.05.

A. Phosphatidylglycerol (PG). Cardiolipin. C. Lyso cardiolipin. D. Total cholesterol. E. Free cholesterol. F. Cholesterol ester. G. Ceramide.

H. Acylcarnitine. VF, virgin females. MF, mated females. VM, virgin males. (-), no drug controls. (+), mifepristone treated (200μg/ml

mifepristone).

https://doi.org/10.1371/journal.pone.0292820.g006
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temperature shift is used to kill balanced flies during development, few homozygous tudor[1]
flies are obtained, and these flies appear sickly. To overcome this limitation, two different

strains bearing tudor[1] balanced over CyO were crossed to each other to generate abundant

trans-heterozygous tudor[1]mutant females, as well as tudor[1]/CyO females, and each type of

female was crossed to males of the w[1118] reference strain (crossing scheme presented in

S2 Fig). The progeny of the tudor[1] homozygous mothers will lack the germ-line, whereas the

progeny of tudor[1]/CyOmothers will be germ-line intact, and both groups of progeny will

have the same genotype of tudor[1]/+.

Life span was assayed in virgin females and mated females, in presence and absence of

mifepristone, in germ-line ablated females and genetically matched controls, in two replicate

experiments (Fig 7A–7D), as well as in a third replicate of the germ-line ablated females

(Table 3). COX-PHA revealed significant effects of mifepristone, mating, and maternal tudor
[1]mutation, as well as significant interactions between mifepristone and mating, between

mifepristone and maternal tudor[1]mutation, and between mating and maternal tudor[1]
mutation (S4 Table). The negative life span effect of mating was reduced, but still significant,

in the germ-line ablated females: Mating decreased life span in control females by -18% to

-32%, and decreased life span in germ-line ablated females by -3% to -8% (Table 3). Similarly,

the positive effect of mifepristone was reduced, but still significant, in the germ-line ablated

females: Mifepristone increased life span in mated control females by +31% to +44%, and

increased life span in mated germ-line ablated females by +6% to +10% (Table 3).

RH5849 is a potent mimic of ecdysone [11, 43]. Our previous studies showed that 1000μg/

ml RH5849 dramatically shortens life span in virgin females, and that this effect could be par-

tially rescued by mifepristone [39]. This concentration of RH5849 was chosen because it was

able to give a greater activation of an ecdysone-receptor-responsive transgenic reporter than

was achieved with dietary ecdysone [39]. The previous study also showed that RH5849 signifi-

cantly reduced food intake, and that mifepristone had no significant effect on food intake in

the presence or absence of RH5849 [39]. Here the effects of RH5849 on life span were assayed,

and found to be similar in the control and germ-line ablated females. RH5849 decreased life

span in control virgin females by -84% to -85%, and decreased life span in germ-line ablated

females by -83% to -84%. Mifepristone increased life span in RH5849-treated control virgins

by +33% to +42%, and increased life span in RH5849-treated germ-line ablated females by

+50% in each replicate experiment (Table 3). These data indicate that the ovary is not required

for the negative effect of RH5849 on life span, nor is the ovary required for mifepristone to res-

cue the negative effect of RH5849 on life span.

Egg laying was assayed in 12 groups: virgin females, mated females, and virgin females

treated with RH5849, in presence and absence of mifepristone, for both control and germ-line

ablated females. Eggs were quantified at days 8, 12, and 16 of drug treatment, in 5 replicate

vials of 20 flies each, for each of the 12 groups (S3 Fig). Total eggs laid was estimated using

area-under-curve, and consistent with the experiments presented above, mifepristone signifi-

cantly decreased egg production in both virgin females and mated females in control flies

(Fig 7E). As expected, eggs were essentially absent in the germ-line ablated female groups.

Zero eggs were found in 73/80 vials at each time point (S3 Fig), and no eggs or differentiated

ovary structures were detected in >50 dissected germ-line ablated females (see midgut analy-

sis, Fig 8). Eggs were detected in 7/80 vials of germ-line ablated females (S3 Fig); however, we

conclude these eggs resulted from a single contaminating control fly in each of the 7 vials, as

the number of flies produced was approximately 1/20 of that observed in vials containing 20

control flies (see Discussion).

Midgut maximum diameter was assayed in virgin females, mated females, and mated

females treated with mifepristone, in control and germ-line ablated females (Fig 8). As
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Fig 7. Maternal tudor[1] mutation effect on life span, egg laying and response to RH5849 and mifepristone. (A-D) Life span assays. A.

Control mothers, experiment 1. B. tudor[1]mutant mothers, experiment 1. C. Control mothers, experiment 2. D. tudor[1]mutant mothers,

experiment 2. VF, virgin female. MF, mated female. (+), 200μg/ml mifepristone. +RH, 1000μg/ml RH5849. Statistical summaries presented in

Table 3. E. Egg laying assay. Egg counts were generated at days 8, 12, and 16, and area-under-curve analysis was used to estimate total eggs laid

per fly. The statistical test is unpaired, two-sided t test, and the p value for significance with one comparison is p� 0.05. The p value for pair-wise

comparisons is presented above the plots. VF, virgin female. MF, mated female. (+), 200μg/ml mifepristone. +RH, 1000μg/ml RH5849.

https://doi.org/10.1371/journal.pone.0292820.g007
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expected, midgut diameter was increased by mating, and decreased by mifepristone in control

females (Fig 8). In the germ-line ablated females, mating produced an increase in midgut size

of similar magnitude to that observed in controls (Fig 8). In contrast, mifepristone produced a

smaller decrease in midgut size in germ-line ablated females than in control females, and this

change was not significant after control for multiple comparisons (Fig 8).

Effect of mifepristone and genotype on life span and egg production in

virgin females

As shown above, mifepristone increases life span in virgin females of the control genotype for

the tudor[1] experiments by +9% and +13%, respectively (Fig 7A and 7C; Table 3), and this

genotype is wild-type for the white gene. Similarly, our previous studies of a long-lived geno-

type (progeny of w[1118] x yw;ElavGS cross) also found robust life span extension by

Table 3. Maternal tudor[1] mutation effect on life span and response to mifepristone and RH5849.

Experiment Genotype (mothers) Sex/status Drug N Med 90% Mort ΔMed (%) p
1 tud/+ VF - 105 78 84

1 tud/+ VF (+) 94 85 93 8.97 6.23E-9

1 tud/+ MF - 97 64 79 -17.9 2.14E-9

1 tud/+ MF (+) 91 84 92 31.4 9.10E-17

1 tud/+ VF RH 101 12 16 -84.6 1.23E-33

1 tud/+ VF RH (+) 96 17 32 41.7 9.58E-12

1 tud/tud VF - 103 74 80

1 tud/tud VF (+) 99 76 84 2.70 0.0004

1 tud/tud MF - 95 68 76 -8.11 0.0008

1 tud/tud MF (+) 98 75 82 10.3 5.48E-6

1 tud/tud VF RH 99 12 14 -83.8 1.74E-42

1 tud/tud VF RH (+) 99 18 22 50.0 2.11E-18

2 tud/+ VF - 94 76 86

2 tud/+ VF (+) 92 86 92 13.2 1.20E-7

2 tud/+ MF - 95 52 74 -31.6 5.15E-13

2 tud/+ MF (+) 76 75 88 44.2 2.08E-10

2 tud/+ VF RH 100 12 14 -84.2 5.80E-31

2 tud/+ VF RH (+) 95 16 24 33.3 7.77E-11

2 tud/tud VF - 97 74 80

2 tud/tud VF (+) 100 72 82 -2.70 0.4473

2 tud/tud MF - 99 70 76 -5.41 0.0010

2 tud/tud MF (+) 78 74 81 5.71 7.68E-5

2 tud/tud VF RH 95 12 14 -83.8 7.58E-38

2 tud/tud VF RH (+) 101 18 24 50.0 2.03E-16

3 tud/tud VF - 78 72 79

3 tud/tud VF (+) 92 76 86 5.56 0.0001

3 tud/tud MF - 97 70 75 -2.77 0.0014

3 tud/tud MF (+) 106 74 84 5.71 4.53E-8

3 tud/tud VF RH 96 12 16 -83.3 2.57E-25

3 tud/tud VF RH (+) 102 18 28 50.0 6.78E-18

(+), 200μg/ml mifepristone. RH, 1000μg/ml RH5849. In each experiment, MF (-) is compared to VF (-) to determine effect of mating, and for each sex/status, (+) is

compared to (-) to determine effect of mifepristone, and RH (+) is compared to RH to determine effect of mifepristone in presence of RH. Statistical test is log-rank, and

the p value for significance with three comparisons is p� 0.0167.

https://doi.org/10.1371/journal.pone.0292820.t003
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mifepristone in virgin flies, ranging from approximately +15% to +30% [18, 21]; this genotype

is null mutant for white, but bears a single copy of themini-white[+]marker transgene, and so

is at least partially white[+]. In contrast, as shown above (Figs 1 and 2; Table 1), mifepristone

did not increase life span in virgin females of the white homozygous null mutant strain w
[1118].

The lack of response of w[1118] virgin females to mifepristone might be due to the lack of

white gene function, or might be due to some other mutation in the highly-inbred w[1118]
genetic background. To begin to address these questions, two different P element insertions

bearing themini-white[+]marker transgene were backcrossed into the w[1118] genetic back-

ground for 9 generations, to ask if this would be sufficient to confer a response to mifepristone

in virgin females. These two resulting strains (UAS-Tra and UAS-GFP) were assayed for virgin

Fig 8. Maternal tudor[1] mutation effect on maximum midgut diameter. The statistical test is unpaired, two-sided t

test, and the p value for significance with two comparisons is p� 0.025. The change in mean maximum midgut

diameter between samples and the p value for significance is presented above the plots. VF, virgin female. MF, mated

female. (+), 200μg/ml mifepristone.

https://doi.org/10.1371/journal.pone.0292820.g008
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female life span in the presence and absence of mifepristone, alongside the w[1118] strain, the

short-lived yw strain, and the long-lived genotype (progeny of w[1118] x yw;ElavGS cross) that

is known to give robust response to mifepristone in virgin females, in two replicate experi-

ments (Fig 9; Table 4).

Fig 9. White gene mutation effect on life span and egg laying. A. Virgin females of the indicated genotypes were assayed for life span in

absence and presence (+) of 200μg/ml mifepristone. Statistical summary including replicate experiment presented in Table 4. B. Egg laying

assay. Virgin females of the indicated genotypes were assayed for egg production every other day from days 2 to 34 (trajectories presented

in S4 Fig). Area-under-curve analysis was used to estimate total eggs laid per fly. The statistical test is unpaired, two-sided t test, and the p
value for significance with one comparison is p� 0.05. The p value for pair-wise comparisons is presented above the plots. (+), 200μg/ml

mifepristone. C. Effect of mifepristone on virgin female life span across strains. The average virgin female (VF) life span for the 5 strains is

plotted on the X axis, in relation to the average change in life span caused by mifepristone (Delta) on the Y axis; negative life span effects of

mifepristone were treated as zero. Linear regression R[2] = 0.94.

https://doi.org/10.1371/journal.pone.0292820.g009
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COX-PHA analysis of virgin female life span of the w[1118] strain and the two backcrossed

mini-white[+] strains, in presence and absence of mifepristone, revealed no significant effect

of mifepristone, a significant effect ofmini-white[+], and no significant interaction between

mini-white[+] and mifepristone (S5 Table). Therefore, whereasmini-white[+] did confer some

increase in virgin female life span relative to w[1118], it did not confer a consistent life span

response to mifepristone in virgin females. In addition, no increase in virgin female life span

in response to mifepristone was observed for virgin females of the short-lived yw strain. As

expected, mifepristone produced a robust increase in life span in virgin females of the long-

lived genotype (progeny of w[1118] x yw;ElavGS cross)(Table 4). In previous studies, the effect

of mifepristone on life span in mated females across different genotypes was found to be

roughly proportional to the starting virgin life span of the strain, with longer-lived strains

showing a greater magnitude response [19]. Here, a similar trend was observed for the effect of

mifepristone on virgin life span across strains, where the longest-lived starting strain shows

the largest response (Fig 9C).

To investigate the effect of mifepristone and genotype on egg production in virgin females,

the same 5 strains were assayed for number of eggs laid per day, every other day from day 2 to

day 34, in presence and absence of mifepristone (S4 Fig). Area-under-curve analysis was used

to estimate total egg production (Fig 9B). Mifepristone significantly reduced egg production in

each strain, demonstrating that mifepristone has physiological effects in each strain, and indi-

cating that decreased egg production is not sufficient for mifepristone to confer increased life

span in virgin females.

Table 4. Effect of mini-white[+] on virgin female response to mifepristone.

Experiment Genotype Sex/status Drug N Med 90% Mort ΔMed (%) p
1 yw VF - 99 32 42

1 yw VF (+) 96 32 47 0.00 0.4566

1 w[1118] VF - 100 36 58

1 w[1118] VF (+) 103 38 64 5.56 0.3270

1 UAS-GFP VF - 97 48 80

1 UAS-GFP VF (+) 98 46 72 -4.00 0.0513

1 UAS-tra VF - 98 46 72

1 UAS-tra VF (+) 98 50 74 8.70 0.2678

1 w[1118] X yw;ElavGS VF - 96 56 79

1 w[1118] X yw;ElavGS VF (+) 93 80 92 42.9 1.29E-13

2 yw VF - 97 24 37

2 yw VF (+) 99 20 38 -16.7 0.4169

2 w[1118] VF - 99 42 68

2 w[1118] VF (+) 97 44 75 4.76 0.2953

2 UAS-GFP VF - 98 52 77

2 UAS-GFP VF (+) 98 68 81 30.8 0.1054

2 UAS-tra VF - 100 42 68

2 UAS-tra VF (+) 99 50 76 19.0 0.0018

2 w[1118] X yw;ElavGS VF - 96 72 85

2 w[1118] X yw;ElavGS VF (+) 97 82 96 13.9 1.08E-6

(+), 200μg/ml mifepristone. In each experiment, for each genotype, (+) is compared to (-) to determine effect of mifepristone. The statistical test is log-rank, and the p
value for significance with one comparison is p� 0.05.

https://doi.org/10.1371/journal.pone.0292820.t004
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Discussion

A previous targeted metabolomics analysis of the effects of mating and mifepristone found

that mating increases the abundance of numerous AAs and AA metabolites, as well as three

lipids, and that these changes are reversed by mifepristone [20]. In addition, mifepristone

increased survival of female flies fed a HFD, without decreasing food intake. These results sug-

gested that AA metabolism and/or lipid metabolism may limit life span in the mated female

fly. The drug etomoxir inhibits carnitine palmitoyltransferase I (CPT I), which is the rate-lim-

iting enzyme for transport of long-chain FAs into the mitochondria [44]. Similar to mifepris-

tone, etomoxir was found to increase life span in female flies, but not males, thereby

supporting the idea that increased lipid metabolism limits female Drosophila life span [39].

Here, experiments were undertaken to further investigate the possible role of lipid metabolism

in the life span effects of mifepristone.

Dhr96 and lipidomics

The Drosophila Dhr96 hormone receptor is related to mammalian hormone receptors that

regulate lipid metabolism, including the vitamin D receptor (VDR/ NR1I1) and the LXR

receptor (NR1H) [29, 34]. Consistent with this relationship, Dhr96 functions specifically in the

Drosophila midgut to promote lipid uptake and metabolism, and Dhr96[1] null mutant flies

have reduced whole-body levels of TAG [33, 34]. Recent network modeling using ChIP-Seq

and protein-protein interaction data suggests that Dhr96 regulates TAG metabolism in part

through regulation of mitochondrial genes to stimulate lipid consumption and mitochondrial

respiration [45].

Here the Dhr96[1] null mutation was found to increase life span in female Drosophila, con-

sistent with the idea that increased intestinal lipid uptake and/or metabolism may limit life

span in females. The Dhr96[1]mutation reduced, but did not eliminate, the positive effect of

mifepristone on mated female life span, suggesting that Dhr96[1] and mifepristone may act in

part through a common mechanism of reducing intestinal lipid metabolism and TAG levels.

Indeed, Oil Red O staining of lipids in midgut tissue indicates reduced midgut lipid content

due to mifepristone treatment [21, 46]. Consistent with this idea, lipidomics analysis revealed

that mifepristone reduced whole-body levels of TAG, as well as FFA and FA in TAG, in each

of virgin females, mated females and males. Moreover, Dhr96[1]mutation is reported to

increase levels of total cholesterol in Drosophila larvae and adults [34, 35], and here the lipido-

mics analysis showed increased total cholesterol and cholesterol ester levels in mated females

treated with mifepristone. Taken together, these results suggest that Dhr96 might be a direct

or indirect target of inhibition by mifepristone. Conceivably, mifepristone might compete

with cholesterol for binding to Dhr96, thereby directly reducing Dhr96 activity. In addition,

because Dhr96 functions in the midgut, and mifepristone reduces midgut maximum diameter

in mated females, mifepristone might indirectly reduce Dhr96 activity in mated females by

reducing the volume of tissue in which Dhr96 is expressed.

Here the Dhr96[1]mutation was assayed in the w[1118] reference strain background, and

we note that the negative effect of mating on life span in the w[1118] control strain varied

across replicate experiments, from -10.5% to -27.9% (Table 1). The COX-PH analysis indicated

a significant life span interaction between Dhr96[1]mutation and mating. Consistent with that

result, 3 out of 4 assays of the w[1118] control strain showed a significant negative effect of

mating, with an average decrease of -21%, whereas 3 out of 4 assays of the Dhr96[1]mutant

strain showed a significant negative effect of mating, with an average decrease of -37.5%.

Therefore, the negative effect of mating was on average greater in the Dhr96[1]mutant flies

relative to the w[1118] controls, but variability in the magnitude of effect was observed across
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replicates for both groups. The reason(s) for this variability in the negative effect of mating is

unknown at this time, and underscores the importance of using replicate assays when compar-

ing different genotypes.

Previous studies report that Dhr96 activates expression of numerous transporters and lipid

metabolism regulators in the midgut, including several Niemann-Pick-related genes and the

LipA-related enzyme Magro, which is a TAG lipase and cholesterol esterase [33]. Moreover,

RNAi knock-down ofmagro was sufficient to recapitulate several aspects of the Dhr96[1]
mutant phenotype, including reduced TAG levels and increased cholesterol [33, 34]. In the

future it may be of interest to test the loss of function ofmagro and other specific Dhr96 targets

for ability to mimic the benefits of mifepristone, including increased life span. The Dhr96[1]
mutation was previously reported to slightly decrease life span in a single assay of mated

females, when backcrossed into a w[1118]-Dahomy background [37], whereas here increased

life span in mated females was observed. This difference in results may be due to the different

genetic background relative to the w[1118] reference strain used here. Mifepristone was

recently reported to inhibit an estrogen-related receptor (ERR) transgenic reporter in adult

Drosophila, and to reduce lipid staining andmagro RNA levels in the midgut in flies of unde-

fined sex [46], and in the future it may be of interest to test loss of function of Drosophila ERR
for ability to mimic the benefits of mifepristone. Finally, naturally-occurring genetic variation

in the Drosophila gene Eip75B has been found to be associated with adult life span and fecun-

dity [47, 48], and experimental knock-down studies in adult flies show that Eip75B is required

for midgut hypertrophy in response to mating [11, 12, 15], for normal adult life span and egg

production [48, 49], and for normal sugar tolerance and expression of de novo lipogenesis

genes [50]; in the future it may be of interest to determine if adult-specific knock-down of

Eip75Bmight affect the response to mifepristone.

Similar to the ability of mifepristone to reduce whole-body TAG levels in adult Drosophila,

mifepristone treatment also reduces serum TAG levels in mice and humans [5, 7, 46], consis-

tent with a possible conservation of mifepristone mechanisms across species. Drosophila

Dhr96 is related to the mammalian vitamin D receptor (VDR/NR1I1), as well as to the mam-

malian LXR receptor (NR1H) [29, 34]. Mice mutant for VDR are protected from HFD-

induced obesity, inflammation and liver disease, and show decreased lipid uptake, decreased

lipase activity, and a trend towards increased food intake [51], each reminiscent of mifepris-

tone effects in Drosophila. Mammalian LXRa binds oxysterol ligands and promotes the modi-

fication and clearance of excess sterols [52]. In addition, LXRa maintains proper triglyceride

(TAG) levels, in part through activation of SREBP which in turn regulates fat synthesis [53]. In

the future, it may be of interest to ask if knock-down of VDR and/or LXRa activity in mam-

mals will reduce the beneficial metabolic effects of mifepristone in mammals.

Lipidomics and effects of sex and mating status

In thew[1118] strain, mating decreases female life span, and mifepristone increases life span of

mated females. Correspondingly, mating caused increased levels of TAG, FFA, and FA in TAG in

females, which was in turn reduced by mifepristone treatment, consistent with the idea that

reduction of lipid uptake and metabolism may be part of the mechanism for mifepristone life

span increase in mated females. Indeed, the two most abundant lipid groups, TAG, and FA in

TAG, exhibited the strongest inverse correlation with life span, in that they underwent the largest

fold increase due to mating, and the largest fold decrease due to mifepristone. However, mifepris-

tone also produced smaller fold decreases in TAG, FFA, and FA in TAG in virgin females and in

virgin males, but did not increase life span in those groups, consistent with at least partially differ-

ent mechanisms for mifepristone life span regulation depending on sex and mating status.

PLOS ONE Drosophila mutations and mifepristone

PLOS ONE | https://doi.org/10.1371/journal.pone.0292820 December 21, 2023 19 / 30

https://doi.org/10.1371/journal.pone.0292820


Previous studies report some variable results regarding the relationship between whole-

body lipid levels and life span. Mating has been reported to reduce TAG levels in females of an

Oregon-R strain [Koliada et al., 54], whereas here we find mating causes increased levels of

TAG in w[1118] strain females; conceivably this difference in results is related to the use of dif-

ferent genotypes. Recently, Shaposhnikov et al. investigated several life span-extending inter-

ventions, including E(z) gene mutation, phytochemicals, reduced temperature, and reduced

light exposure, and found that life span increase was not associated with total lipid levels [Sha-

poshnikov et al., 55]. In contrast, when Canton-S strain life span was altered by nutritional

geometry, the longest lived flies had greater lipid content [Lee et al., 56], and in one study of

Drosophila lines selected for postponed senescence, the long-lived flies had less lipid content

than controls [Nasiri et al., 57]. These differences in results may be related to the specific type

of life span intervention employed, as well as the use of different genotypes. As discussed

above, at least for mated females, we find that interventions that reduce lipid uptake and/or

metabolism, including mifepristone, etomoxir, and Dhr96[1]mutation, are associated with

increased life span.

A number of striking differences in baseline lipid levels were observed in males relative to

females, including both increases and decreases. For example, Drosophila males had decreased

levels of total TAG, and decreased levels of mono-unsaturated and poly-unsaturated lyso PC

relative to Drosophila females, consistent with previous reports [14, 58, 59]. Striking differ-

ences in circulating lipid levels are also observed when comparing men to women [60–62].

Maternal tudor[1] mutation and effect of germ-line ablation on life span

To ask whether altered egg production is required for the life span effects of mating and mifep-

ristone, the maternal tudor[1]mutation was used to create female flies that lack the germ-line

[30]. The complete absence of eggs and differentiated ovary structures was confirmed by dis-

section of>50 females. The germ-line ablated females were maintained as adults with 20 flies

per vial, and 73/80 vials produced zero eggs over multiple time points. In contrast, 7/80 vials

produced multiple eggs over one or more time points. We conclude these eggs resulted from a

single contaminating control fly in each of the 7 vials, because the number of eggs produced

was roughly 1/20 of those produced by a vial of 20 control flies. This slight contamination

would be consistent with the mis-scoring of one or two maternal Cy flies as non-Cy in step two

of the crossing scheme (S2 Fig). A final contamination frequency of 7/1593 flies, or 0.4%, is

not expected to significantly affect results.

In the germ-line ablated females, both the negative effect of mating on life span, and the

positive effect of mifepristone on mated female life span were reduced, but still significant.

These results suggest that a possible negative effect of egg production or egg laying might con-

tribute to the life span effects of mating and mifepristone, but is not essential. Consistent with

this conclusion, previous studies report that reducing egg production using sterile mutants can

sometimes increase Drosophila life span, and also that life span and egg production can some-

times be uncoupled [63, 64]. A previous study of maternal tudor[1]mutation effect on virgin

females reported decreased life span [65], and consistent with that observation, here maternal

tudor[1]mutation was also found to be associated with slight decreases in median life span in

virgin females. Our previous study of maternal tudor[1]mutation effect in mated females

found no consistent change in life span, where mating was conducted by exposing newly-

eclosed females to newly-eclosed male siblings over 24 hours [66]. In contrast, here the mater-

nal tudor[1]mutation resulted in increased life span in mated females. This difference may be

due to the more intensive mating protocol employed here, where newly-eclosed females were

mated to young, mature w[1118] strain males for 48 hours. Consistent with this conclusion,
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our previous studies indicated that 48 hours mating reduced female life span to a greater extent

than did 24 hours mating [39], and that the more intensive mating protocol yields shorter

mated female life spans and greater increases in life span upon mifepristone treatment [19].

Effects of mating and mifepristone on maximum midgut diameter

The ability of mating and male SP to cause midgut hypertrophy in the mated Drosophila

female has been well characterized [11–13, 15, 21, 67], but the potential link between midgut

hypertrophy and decreased life span remains unclear. The opposing effects of mating and

mifepristone on maximum midgut diameter have been consistently observed across each of 4

control strains tested, including the SREBP reporter strain [21], the progeny of the w[1118] x

yw;ElavGS cross [39], the w[1118] reference strain [21] (Fig 4), and the control genotype for

the maternal tudor[1] flies (Fig 8). Here the effects mating and mifepristone on maximum

midgut diameter were assayed in flies with maternal tudor[1]mutation and Dhr96[1] null

mutation, and compared with the changes in life span.

As discussed above, the effects of mating and mifepristone on life span were reduced, but

still significant, in the tudor[1] females with ablated germ-line. Some correlation was observed

between these effects on life span and changes in maximum midgut diameter, in that the effect

of mating on maximum midgut diameter also appeared reduced in the germ-line ablated

females. In control females, mating caused an increase in maximum midgut diameter of +-

0.072mm, and in germ-line ablated females mating produced a relatively smaller increase of

+0.065mm. Similarly, in control mated females, mifepristone decreased maximum midgut

diameter by -0.053mm, whereas in mated germ-line ablated females this decrease was

-0.031mm, and this change was not significant after controls for multiple comparisons. There-

fore, the reduced effect of mating and mifepristone on life span in germ-line ablated females

was generally correlated with a reduced effect of mating and mifepristone on maximum mid-

gut diameter.

Some correlation between life span and maximum midgut diameter was also observed for

the effects of the Dhr96[1] null mutation. The Dhr96[1]mutation reduced, but did not elimi-

nate the life span effects of mating and mifepristone. Consistent with this, the effect of mifep-

ristone on maximum midgut diameter was reduced in mated females of the Dhr96[1] strain.

In the w[1118] control strain, mifepristone reduced maximum midgut diameter of mated

females by -0.051mm, and in Dhr96[1] strain mifepristone reduced maximum midgut diame-

ter by -0.031mm, and this was not significant after controls for multiple comparisons. There-

fore, the reduced effect of mifepristone on life span in Dhr96[1] null mutant mated females

correlated with a reduced effect of mifepristone on maximum midgut diameter.

In contrast, a novel pattern was observed for the effects of mating in the Dhr96[1]mutant

flies. In w[1118] control flies, mating caused an increase in maximum midgut diameter of

+0.037mm, and this correlated with decreased life span, as expected. However, in the Dhr96[1]
null mutant females, virgin females exhibited a maximum midgut diameter that was increased

by +0.052mm relative to the w[1118] virgin female controls, and this was not further altered

by mating after controls for multiple comparisons. As discussed above, the Dhr96[1]mutation

is associated with increased life span in virgin females relative to the w[1118] controls. There-

fore, the increased maximum midgut diameter observed in virgin females of the Dhr96[1]
strain does not correlate with a reduced life span. One possible interpretation of the increased

maximum midgut diameter observed in the Dhr96[1] virgin females is that this represents a

constitutive mating-like state. Alternatively, the increased maximum midgut diameter

observed in the Dhr96[1] virgin females might represent some alternative mechanism for

hypertrophy, perhaps explaining the lack of reduced life span. Notably, Obniski et al reported
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that Dhr96[1]mutation caused reduced abundance of enteroendocrine cells in the adult mid-

gut, as well as increased expression of Delta and the Notch extracellular domain [68]. Because

Delta/Notch signaling regulates ISC maintenance, proliferation and daughter cell differentia-

tion [69–71], these increases in Delta/Notch expression might be related to the increase in

maximum midgut diameter observed in virgin females with Dhr96[1]mutation. In the future,

it may be of interest to further explore this phenomenon using cell biology approaches, such as

quantification of cell size and proliferation.

w[1118] and effects of genetic background

As discussed above, mifepristone increases life span and reduces maximum midgut diameter

in mated females from multiple strains, including the w[1118] reference strain. Mifepristone

also increases life span in virgin females of multiple strains, including progeny of the w[1118] x

yw;ElavGS cross and the Canton S strain [19], but does not increase life span in virgin females

of the w[1118] reference strain. The lack of mifepristone effect in w[1118] virgin females might

be due to the white gene mutation, or to some other aspect of the w[1118] reference strain

genetic background. Here, introduction ofmini-white[+] transgenes increased baseline life

span, but did not confer a response to mifepristone in virgin females. One possible interpreta-

tion of this result is that is it indeed the lack of white gene function that prevents a response to

mifepristone in the w[1118] strain, but themini-white[+] transgenes do not produce sufficient

white gene function to enable a response to mifepristone. One way to address this in the future

might be to test transgenes containing more extensive white gene sequences. The other possi-

ble interpretation of these results is that some other feature of the highly-inbred w[1118]
genetic background limits the response to mifepristone in virgin females, such as possible

background mutations that limit life span for a novel reason that does not respond to mifepris-

tone. Consistent with the idea that background mutations that reduce life span might also

limit response to mifepristone, for both mated females [19], and virgin females (Fig 9C), com-

parison across strains suggests that the longest-lived starting strains tend to show the largest

responses to mifepristone.

Summary and implications

The analysis of germ-line ablated female flies indicated that altered egg laying might contribute

to the life span effects of mifepristone, but was neither strictly necessary nor sufficient. The

reduced effect of mifepristone in Dhr96[1]mutant mated females, and the general correlation

of mifepristone life span effects with whole-body TAG lipid abundance, supports the hypothe-

sis that mifepristone may increase life span by reducing lipid uptake and/or metabolism. The

ability of mifepristone to reduce maximum midgut diameter in mated female Drosophila is

also generally consistent with reduced lipid uptake and/or metabolism. The ability of mifepris-

tone to increase life span in virgin females of some Drosophila strains and not others indicates

that mifepristone may increase life span in virgin females and mated females through partly

different mechanisms. Interestingly, altered lipid metabolism is involved in the decreased life

span observed in mated C. elegans [72, 73], and mifepristone can increase life span of mated,

but not virgin, C. elegans [20], consistent with possible conservation of one or more mifepris-

tone targets.

The effects of mifepristone on lipid levels and midgut size in Drosophila suggests some sim-

ilarities to mammals. For example, mifepristone decreased serum TAG levels in male and

female mice and humans [7, 46]. Recently, high dietary fructose was found to increase mouse

gut size [74], and interestingly, mifepristone prevents insulin resistance and lipid abnormali-

ties caused by a high fructose diet in mice [75]. There also appear to be some similarities with
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regard to sex bias. Women have greater prevalence of obesity, late-age colon cancer, and gas-

trointestinal (GI) disorders than men, including GI disorders associated with pregnancy [76–

78]. In female mammals, lactation is associated with dramatic remodeling and growth of the

intestine [79, 80], reminiscent of mating-induced midgut hypertrophy in female Drosophila.

Taken together, the results with Drosophila provide additional insight into possible mecha-

nisms for the anti-obesity and anti-diabetes effects of mifepristone observed in mice and

humans, including the potential implication of Dhr96-related factors such as VDR and LXRa.

Materials and methods

Drosophila strains, culture, drug treatments and life span assay

Drosophila melanogaster flies were cultured and life span assays conducted in Percival brand

incubators, at 25˚C, 12:12 h light-dark cycle, at 65–80% humidity, using a standard agar/dex-

trose/corn meal/yeast media [81]. The media recipe is: 105 g dextrose, 7.5 g agar, 26 g yeast, 50

g cornmeal, 1 l purified H2O, boil for 30 min with constant agitation, then add 1.7 g tegosept

(Genesee Scientific #20–259) dissolved in 8.5 ml 95% ethanol and 1.9 ml propionic acid (99%,

Mallinckrodt Baker). To generate the high-fat diet (HFD), warm liquid media was supple-

mented with the indicated concentration of coconut oil (organic triple-filtered coconut oil,

Trader Joes1 brand), mixed for 2 minutes with a hand-held motorized blender, and then ali-

quoted to vials and allowed to cool. The strain w[1118]; UAS-2xEGFP[m5B29] is as previously

described [82], abbreviated here as UAS-GFP. Several Drosophila strains were obtained from

the Bloomington Drosophila Stock Center, including: strain w[1118]; P{UAS-tra.F}20J7
(BDSC#4590), abbreviated here as UAS-TraF, strain y[1] w[1] (BDSC#1495), abbreviated here

as yw, strain vas1 cn1 tud1 bw1 speck1/CyO (BDSC#1735), strain tud1 bw1 speck1/CyO, l(2)
DTS5131 (BDSC#1786), strain y[1] w[*]; P{w[+mC] = elav-Switch.O}GSG301 (BDSC#43642),

abbreviated here as yw;ElavGS, and strain TI{TI}Hr961 (BDSC#76592). The TI{TI}Hr961
strain was backcrossed 9 generations to w[1118] strain, by following the 3xP3-eGFPmarker

(S2A–S2C Fig), and the resultant homozygous strain is referred to here as Dhr96[1]. The w
[1118] strain is the isogenized version (w[1118]-iso; 2-iso; 3-iso). The w[1118] strain was previ-

ously cured of Wolbachia by three generations treatment with doxycycline, with confirmation

using PCR and Wolbachia-specific primers [83]. To generate flies for life span assays, female

progeny were collected as virgins over 24 hours. These flies were either assayed as virgins, or

were mated for 48 hours to young (1–2 weeks of age) w[1118] strain males at a ratio of 20

males to 20 females. After mating the males were removed, and the virgin female and mated

female flies were maintained in culture vials with 20 flies per vial, in the presence/absence of

drug, as indicated. Drugs were administered as previously described [81, 84], by applying

100μl of 10X stock solution in water, or 50μl of 20X stock solution in ethanol, evenly to the sur-

face of the vial, and allowing to absorb and dry overnight. Final concentration of drug in the

media was calculated based on absorption into the top ~1ml of media, as determined by dye-

absorption controls [81, 84]; control vials received equal volume of water or ethanol vehicle,

and all vials were allowed to dry overnight. Mifepristone (RU486) was obtained from Sigma-

Aldrich (cat. #M8046), and flies were treated with 200μg/ml final concentration in the media;

this concentration was determined to be optimal for life span extension in mated females by

titrations in previous studies [18, 19]. Methoprene was obtained from Cayman Chemical

(cat#16807), and flies were treated with 100μg/ml final concentration in the media. RH5849

(1,2-dibenzoyl-1-tert-butylhydrazine) was obtained from AABLOCKS (cat#AA00832D), and

flies were treated with 1000μg/ml final concentration in the media. All flies were transferred to

fresh vials every other day, and number of dead flies recorded. Median life span, percent

change in median, log-rank p values and COX proportional hazards analyses were conducted
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using R statistical environment [85]. Log-rank analysis was corrected for multiple comparisons

using Bonferroni correction, and the p value for significance at 5% error rate is indicated in

the figure legends. The p value for significance is calculated as 0.05 divided by the number of

comparisons used for each specific experiment.

Midgut measurements

Virgin and mated female flies were generated as described above, the males were removed,

and then the females were maintained in culture vials in the presence or absence of drug for 12

days. Maximum midgut diameter was assayed as previously described [21]. Briefly, midguts

were dissected in PBS in groups of 5 flies at a time, and immediately mounted on slides with

coverslip spaced using double-stick tape [86]. Visible light images were generated and analyzed

using Image J. The maximum diameter region of each midgut sample was estimated by inspec-

tion, multiple measurements in that region were generated using Image J, and the largest value

was used for analysis. Unpaired, two-sided t tests were conducted using Prism 9, and any outli-

ers were identified using Grubbs test. Multiple comparisons were controlled using Bonferroni

correction, and the p value for significance at 5% error rate is indicated in the figure legends.

Egg laying assays

Virgin and mated flies were generated as described above, the males were removed, and then

the females were maintained in culture vials in the presence or absence of drug for the indi-

cated time period. 5 vials of 20 flies each per treatment were assayed at multiple time points,

and total eggs laid over 24 hours per vial were counted using the microscope. The initial data is

presented as average eggs per fly per day, and was further quantified using area-under-curve

(AUC) analysis in Prism 9 to estimate total eggs laid during the assay period. AUC was con-

ducted for each of the 5 replicate vials, and the average AUC and standard deviation are pre-

sented in bar graphs. The difference in AUC between samples was compared using unpaired,

two-sided t tests, conducted using Prism 9. Multiple comparisons were controlled using Bon-

ferroni correction, and the p value for significance at 5% error rate is indicated in the figure

legends.

PCR analysis of w[1118] and Dhr96[1] strains

DNA was extracted from three day old w[1118] and Dhr96[1] strains using the ZymoBIO-

MICS DNA miniprep kit (Zymo Research # D4300). PCR was performed using primers

DHR96-fwd-seq (5’-ATATGGAGCAGCCAGGTGTT-3’) and DHR96-rev (5’-CCACTGGT
TCTCAAAGTCAG-3’). The PCR products were resolved by electrophoresis on a 0.8% agarose

gel, visualized by ethidium bromide staining, and size measurements of fragments were made

by comparison to a 3kbp DNA ladder.

Maternal tudor[1] germ-line ablation

The crossing scheme was carried out as shown (S2 Fig). Briefly, vas1 cn1 tud1 bw1 speck1/CyO
males were crossed to tud1 bw1 speck1/CyO, l(2)DTS5131 virgins to generate tud[1] homozy-

gotes and tud[1]/CyO heterozygotes. Virgins of each type were then crossed to w[1118] strain

males, and tud[1]/+ heterozygous progeny were collected as virgins from each cross; the tud[1]
homozygous mothers will generate progeny lacking the germ-line, whereas the tud[1]/CyO
heterozygous mothers will generate control progeny with normal germ-line. The flies were

then assayed as virgin females and mated females, for life span and other phenotypes, as

described above.
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Lipidomics analysis

Virgin males, virgin females and mated females of the w[1118] strain were generated as

described above. The males were removed from the mated groups, and then the virgin males,

virgin females and mated females were maintained in culture vials in the presence or absence

of 200μg/ml mifepristone (as indicated), from age 2 days to 14 days. Four replicates of 10 flies

each for each group were then analyzed by multidimensional mass spectrometry-based shot-

gun lipidomics for the indicated lipids, and data are expressed after normalization to total pro-

tein. Analysis was conducted at the Functional Lipidomics Core, Barshop Institute for

Longevity and Aging Studies, University of Texas Health Sciences Center, San Antonio, using

published procedures [40–42]. The values are plotted for each of the 4 replicates, with a bar

indicating the mean. (-) and (+) drug groups were compared using unpaired, two-sided t test,

and p values are presented above the plots.

Supporting information

S1 Fig. Backcrossing of Dhr96[1] mutation into w[1118] background. The Dhr96[1]muta-

tion was backcrossed to the w[1118] reference strain for 9 generations, by scoring the

3xP3-eGFPmarker, as described in methods. (A-C) A representative female fly from the w
[1118] reference strain, the backcrossed Dhr96[1]/+ heterozygotes, and the backcrossed Dhr96
[1] homozygotes, as indicated. The images are original data and have not been previously pub-

lished or publicly disclosed. A. Visible light image. B. GFP image. C. Visible light/GFP overlay.

D. Map of wild-type Dhr96 locus. The indicated forward and reverse primers flank exons 4–6,

and enable PCR amplification of an expected fragment of 1250 bp. E. Map of Dhr96[1]mutant

locus. Exon 4 is deleted, and therefore the primers generate an expected fragment of 919 bp. F.

Agarose gel electrophoresis and ethidium bromide staining analysis of amplified fragments.

MWM, molecular weight markers. NT, no-template control. w[1118], reference strain used for

backcrossing. Dhr96[1], homozygous backcrossed Dhr96[1] strain. G. Sensitivity to DDT. Vir-

gin females of the Dhr96[1] strain and the w[1118] strain were assayed for survival in the

absence (-) and presence of the indicated concentrations of DDT. For each drug concentra-

tion, Dhr96[1] is compared to w[1118]. Statistical test is log-rank, and the p value for signifi-

cance with one comparison is p� 0.05.

(TIFF)

S2 Fig. Maternal tudor[1] mutation crossing scheme. Long-term maintenance of tudor[1]
mutation chromosomes over CyO balancer results in accumulation of background mutations

and a reduction of viable homozygous tudor[1] progeny. To overcome this, two different

strains bearing the tudor[1]mutation were crossed to generate abundant viable tudor[1]
homozygotes. In step 1, strain BDSC#1735 vas[1] cn[1] tud[1] bw[1] speck[1]/CyOmales are

crossed to strain BDSC#1786 tud[1] bw[1] speck[1]/CyO virgins. Non-Curly progeny virgins

are tudor[1] homozygotes, and Curly progeny virgins are tudor[1]/CyO heterozygotes. In step

two, each type of progeny is crossed to w[1118] strain males. This generates tudor[1] heterozy-

gous virgins that lack the germ-line, and tudor[1] heterozygous virgins that contain the germ-

line. In step 3, each of these groups is assayed as virgins, and as mated to w[1118]males.

(TIFF)

S3 Fig. Maternal tudor[1] mutation and egg counts from individual vials. (A-F) Each vial

contains 20 females. (A, B) Day 8 of drug treatment. (C, D) Day 12 of drug treatment. (E, F)

Day 16 of drug treatment. (A, C, E) Maternal tudor[1]mutant females, experiment 1. B. Mate-

rial tudor[1]mutant females, experiment 2. VF, virgin female. MF, mated female. (+), 200μg/
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ml mifepristone. +RH, 1000μg/ml RH5849.

(TIFF)

S4 Fig. Egg laying assay. Virgin females of the indicated genotypes were assayed for egg pro-

duction every other day from days 2 to 34. Data is for 5 replicate vials of 20 flies each, and is

plotted as average +/- SD. A. yw strain. B. w[1118] control strain. C. UAS-GFP strain. D.

UAS-TraF strain. E. Progeny of cross w[1118] X yw;ElavGS. (+), 200μg/ml mifepristone.

(TIFF)

S1 Table. Dhr96[1] and mifepristone COX-PHA.
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S2 Table. Dhr96[1], HFD and mifepristone COX-PHA.
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S3 Table. Lipidomics data.
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(PDF)

Author Contributions

Conceptualization: John Tower.

Data curation: Gary N. Landis.

Formal analysis: Gary N. Landis, Hans S. Bell, Hanmei Bao, John Tower.

Funding acquisition: Xianlin Han, John Tower.

Investigation: Gary N. Landis, Oscar Peng, Brett Bognar, Andy Tong, Tomás D. Manea, Han-

mei Bao, Xianlin Han, John Tower.

Methodology: Xianlin Han, John Tower.

Project administration: Gary N. Landis, John Tower.

Resources: John Tower.

Supervision: Gary N. Landis, Xianlin Han, John Tower.

Validation: Gary N. Landis, Hans S. Bell, John Tower.

Visualization: Gary N. Landis, John Tower.

Writing – original draft: John Tower.

Writing – review & editing: Xianlin Han.

References
1. Baulieu EE. RU 486 (mifepristone). A short overview of its mechanisms of action and clinical uses at the

end of 1996. Ann N Y Acad Sci. 1997; 828:47–58. https://doi.org/10.1111/j.1749-6632.1997.tb48523.x

PMID: 9329823

PLOS ONE Drosophila mutations and mifepristone

PLOS ONE | https://doi.org/10.1371/journal.pone.0292820 December 21, 2023 26 / 30

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0292820.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0292820.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0292820.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0292820.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0292820.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0292820.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0292820.s010
https://doi.org/10.1111/j.1749-6632.1997.tb48523.x
http://www.ncbi.nlm.nih.gov/pubmed/9329823
https://doi.org/10.1371/journal.pone.0292820


2. Chen J, Wang J, Shao J, Gao Y, Xu J, Yu S, et al. The unique pharmacological characteristics of mifep-

ristone (RU486): from terminating pregnancy to preventing cancer metastasis. Medicinal research

reviews. 2014; 34(5):979–1000. https://doi.org/10.1002/med.21311 PMID: 24585714

3. Lin S, Han Y, Shi Y, Rong H, Zheng S, Jin S, et al. Revealing a steroid receptor ligand as a unique

PPARgamma agonist. Cell research. 2012; 22(4):746–56.

4. Wu XJ, Sun XH, Wang SW, Chen JL, Bi YH, Jiang DX. Mifepristone alleviates cerebral ischemia-reper-

fusion injury in rats by stimulating PPAR gamma. Eur Rev Med Pharmacol Sci. 2018; 22(17):5688–96.

5. Gross C, Blasey CM, Roe RL, Belanoff JK. Mifepristone reduces weight gain and improves metabolic

abnormalities associated with risperidone treatment in normal men. Obesity (Silver Spring). 2010; 18

(12):2295–300. https://doi.org/10.1038/oby.2010.51 PMID: 20339369

6. Bernal-Sore I, Navarro-Marquez M, Osorio-Fuentealba C, Diaz-Castro F, Del Campo A, Donoso-Bar-

raza C, et al. Mifepristone enhances insulin-stimulated Akt phosphorylation and glucose uptake in skel-

etal muscle cells. Mol Cell Endocrinol. 2018; 461:277–83. https://doi.org/10.1016/j.mce.2017.09.028

PMID: 28943275

7. Gubbi S, Muniyappa R, Sharma ST, Grewal S, McGlotten R, Nieman LK. Mifepristone Improves Adi-

pose Tissue Insulin Sensitivity in Insulin Resistant Individuals. J Clin Endocrinol Metab. 2021; 106

(5):1501–15. https://doi.org/10.1210/clinem/dgab046 PMID: 33507248

8. Diaz-Castro F, Monsalves-Alvarez M, Rojo LE, Del Campo A, Troncoso R. Mifepristone for Treatment

of Metabolic Syndrome: Beyond Cushing’s Syndrome. Frontiers in pharmacology. 2020; 11:429.

https://doi.org/10.3389/fphar.2020.00429 PMID: 32390830

9. Gray NE, Lam LN, Yang K, Zhou AY, Koliwad S, Wang JC. Angiopoietin-like 4 (Angptl4) protein is a

physiological mediator of intracellular lipolysis in murine adipocytes. J Biol Chem. 2012; 287(11):8444–

56. https://doi.org/10.1074/jbc.M111.294124 PMID: 22267746

10. Xu C, He J, Jiang H, Zu L, Zhai W, Pu S, et al. Direct effect of glucocorticoids on lipolysis in adipocytes.

Mol Endocrinol. 2009; 23(8):1161–70. https://doi.org/10.1210/me.2008-0464 PMID: 19443609

11. Zipper L, Jassmann D, Burgmer S, Gorlich B, Reiff T. Ecdysone steroid hormone remote controls intes-

tinal stem cell fate decisions via the PPARgamma-homolog Eip75B in Drosophila. eLife. 2020;9.

12. Ahmed SMH, Maldera JA, Krunic D, Paiva-Silva GO, Penalva C, Teleman AA, et al. Fitness trade-offs

incurred by ovary-to-gut steroid signalling in Drosophila. Nature. 2020; 584(7821):415–9. https://doi.

org/10.1038/s41586-020-2462-y PMID: 32641829

13. White MA, Bonfini A, Wolfner MF, Buchon N. Drosophila melanogaster sex peptide regulates mated

female midgut morphology and physiology. Proc Natl Acad Sci U S A. 2021; 118(1). https://doi.org/10.

1073/pnas.2018112118 PMID: 33443193

14. Sieber MH, Spradling AC. Steroid Signaling Establishes a Female Metabolic State and Regulates

SREBP to Control Oocyte Lipid Accumulation. Curr Biol. 2015; 25(8):993–1004. https://doi.org/10.

1016/j.cub.2015.02.019 PMID: 25802149

15. Reiff T, Jacobson J, Cognigni P, Antonello Z, Ballesta E, Tan KJ, et al. Endocrine remodelling of the

adult intestine sustains reproduction in Drosophila. eLife. 2015; 4:e06930. https://doi.org/10.7554/eLife.

06930 PMID: 26216039

16. Thanh MT, Pham TLA, Tran BD, Nguyen YDH, Kaeko K. Drosophila model for studying the link

between lipid metabolism and development. Front Biosci (Landmark Ed). 2020; 25(1):147–58. https://

doi.org/10.2741/4799 PMID: 31585882

17. Baumann AA, Texada MJ, Chen HM, Etheredge JN, Miller DL, Picard S, et al. Genetic tools to study

juvenile hormone action in Drosophila. Scientific reports. 2017; 7(1):2132. https://doi.org/10.1038/

s41598-017-02264-4 PMID: 28522854

18. Tower J, Landis GN, Shen J, Choi R, Fan Y, Lee D, et al. Mifepristone/RU486 acts in Drosophila mela-

nogaster females to counteract the life span-shortening and pro-inflammatory effects of male Sex Pep-

tide. Biogerontology. 2017; 18(3):413–27. https://doi.org/10.1007/s10522-017-9703-y PMID: 28451923

19. Landis GN, Salomon MP, Keroles D, Brookes N, Sekimura T, Tower J. The progesterone antagonist

mifepristone/RU486 blocks the negative effect on life span caused by mating in female Drosophila.

Aging (Albany NY). 2015; 7(1):53–69. https://doi.org/10.18632/aging.100721 PMID: 25614682

20. Landis GN, Doherty DV, Yen CA, Wang L, Fan Y, Wang I, et al. Metabolic Signatures of Life Span Reg-

ulated by Mating, Sex Peptide, and Mifepristone/RU486 in Female Drosophila melanogaster. J Gerontol

A Biol Sci Med Sci. 2021; 76(2):195–204. https://doi.org/10.1093/gerona/glaa164 PMID: 32648907

21. Landis GN, Hilsabeck TAU, Bell HS, Ronnen-Oron T, Wang L, Doherty DV, et al. Mifepristone

Increases Life Span of Virgin Female Drosophila on Regular and High-fat Diet Without Reducing Food

Intake. Frontiers in genetics. 2021; 12:751647. https://doi.org/10.3389/fgene.2021.751647 PMID:

34659367

PLOS ONE Drosophila mutations and mifepristone

PLOS ONE | https://doi.org/10.1371/journal.pone.0292820 December 21, 2023 27 / 30

https://doi.org/10.1002/med.21311
http://www.ncbi.nlm.nih.gov/pubmed/24585714
https://doi.org/10.1038/oby.2010.51
http://www.ncbi.nlm.nih.gov/pubmed/20339369
https://doi.org/10.1016/j.mce.2017.09.028
http://www.ncbi.nlm.nih.gov/pubmed/28943275
https://doi.org/10.1210/clinem/dgab046
http://www.ncbi.nlm.nih.gov/pubmed/33507248
https://doi.org/10.3389/fphar.2020.00429
http://www.ncbi.nlm.nih.gov/pubmed/32390830
https://doi.org/10.1074/jbc.M111.294124
http://www.ncbi.nlm.nih.gov/pubmed/22267746
https://doi.org/10.1210/me.2008-0464
http://www.ncbi.nlm.nih.gov/pubmed/19443609
https://doi.org/10.1038/s41586-020-2462-y
https://doi.org/10.1038/s41586-020-2462-y
http://www.ncbi.nlm.nih.gov/pubmed/32641829
https://doi.org/10.1073/pnas.2018112118
https://doi.org/10.1073/pnas.2018112118
http://www.ncbi.nlm.nih.gov/pubmed/33443193
https://doi.org/10.1016/j.cub.2015.02.019
https://doi.org/10.1016/j.cub.2015.02.019
http://www.ncbi.nlm.nih.gov/pubmed/25802149
https://doi.org/10.7554/eLife.06930
https://doi.org/10.7554/eLife.06930
http://www.ncbi.nlm.nih.gov/pubmed/26216039
https://doi.org/10.2741/4799
https://doi.org/10.2741/4799
http://www.ncbi.nlm.nih.gov/pubmed/31585882
https://doi.org/10.1038/s41598-017-02264-4
https://doi.org/10.1038/s41598-017-02264-4
http://www.ncbi.nlm.nih.gov/pubmed/28522854
https://doi.org/10.1007/s10522-017-9703-y
http://www.ncbi.nlm.nih.gov/pubmed/28451923
https://doi.org/10.18632/aging.100721
http://www.ncbi.nlm.nih.gov/pubmed/25614682
https://doi.org/10.1093/gerona/glaa164
http://www.ncbi.nlm.nih.gov/pubmed/32648907
https://doi.org/10.3389/fgene.2021.751647
http://www.ncbi.nlm.nih.gov/pubmed/34659367
https://doi.org/10.1371/journal.pone.0292820


22. Yamada R, Deshpande SA, Keebaugh ES, Ehrlich MR, Soto Obando A, Ja WW. Mifepristone Reduces

Food Palatability and Affects Drosophila Feeding and Lifespan. J Gerontol A Biol Sci Med Sci. 2017; 72

(2):173–80. https://doi.org/10.1093/gerona/glw072 PMID: 27093874

23. Landis GN, Riggan L, Bell HS, Vu W, Wang T, Wang I, et al. Mifepristone Increases Life Span in Female

Drosophila Without Detectable Antibacterial Activity. Front Aging. 2022; 3:924957. https://doi.org/10.

3389/fragi.2022.924957 PMID: 35935727

24. Loch G, Zinke I, Mori T, Carrera P, Schroer J, Takeyama H, et al. Antimicrobial peptides extend lifespan

in Drosophila. PLoS One. 2017; 12(5):e0176689. https://doi.org/10.1371/journal.pone.0176689 PMID:

28520752

25. Zhao X, Karpac J. The Drosophila midgut and the systemic coordination of lipid-dependent energy

homeostasis. Curr Opin Insect Sci. 2020; 41:100–5. https://doi.org/10.1016/j.cois.2020.07.003 PMID:

32898765

26. Chatterjee N, Perrimon N. What fuels the fly: Energy metabolism in Drosophila and its application to the

study of obesity and diabetes. Sci Adv. 2021; 7(24).

27. Lemaitre B, Miguel-Aliaga I. The digestive tract of Drosophila melanogaster. Annu Rev Genet. 2013;

47:377–404. https://doi.org/10.1146/annurev-genet-111212-133343 PMID: 24016187

28. Viitanen A, Gullmets J, Morikka J, Katajisto P, Mattila J, Hietakangas V. An image analysis method for

regionally defined cellular phenotyping of the Drosophila midgut. Cell Rep Methods. 2021; 1(5):100059.

https://doi.org/10.1016/j.crmeth.2021.100059 PMID: 35474669

29. King-Jones K, Thummel CS. Nuclear receptors—a perspective from Drosophila. Nat Rev Genet. 2005;

6(4):311–23. https://doi.org/10.1038/nrg1581 PMID: 15803199

30. Schupbach T, Wieschaus E. Germline autonomy of maternal-effect mutations altering the embryonic

body pattern of Drosophila. Dev Biol. 1986; 113(2):443–8. https://doi.org/10.1016/0012-1606(86)

90179-x PMID: 3081391

31. Boswell RE, Mahowald AP. tudor, a gene required for assembly of the germ plasm in Drosophila mela-

nogaster. Cell. 1985; 43(1):97–104. https://doi.org/10.1016/0092-8674(85)90015-7 PMID: 3935320

32. King-Jones K, Horner MA, Lam G, Thummel CS. The DHR96 nuclear receptor regulates xenobiotic

responses in Drosophila. Cell Metab. 2006; 4(1):37–48. https://doi.org/10.1016/j.cmet.2006.06.006

PMID: 16814731

33. Sieber MH, Thummel CS. The DHR96 nuclear receptor controls triacylglycerol homeostasis in Dro-

sophila. Cell Metab. 2009; 10(6):481–90. https://doi.org/10.1016/j.cmet.2009.10.010 PMID: 19945405

34. Sieber MH, Thummel CS. Coordination of triacylglycerol and cholesterol homeostasis by DHR96 and

the Drosophila LipA homolog magro. Cell Metab. 2012; 15(1):122–7. https://doi.org/10.1016/j.cmet.

2011.11.011 PMID: 22197324

35. Horner MA, Pardee K, Liu S, King-Jones K, Lajoie G, Edwards A, et al. The Drosophila DHR96 nuclear

receptor binds cholesterol and regulates cholesterol homeostasis. Genes Dev. 2009; 23(23):2711–6.

https://doi.org/10.1101/gad.1833609 PMID: 19952106

36. Rong YS, Golic KG. Gene targeting by homologous recombination in Drosophila. Science. 2000; 288

(5473):2013–8. https://doi.org/10.1126/science.288.5473.2013 PMID: 10856208

37. Afschar S, Toivonen JM, Hoffmann JM, Tain LS, Wieser D, Finlayson AJ, et al. Nuclear hormone recep-

tor DHR96 mediates the resistance to xenobiotics but not the increased lifespan of insulin-mutant Dro-

sophila. Proc Natl Acad Sci U S A. 2016; 113(5):1321–6. https://doi.org/10.1073/pnas.1515137113

PMID: 26787908

38. Yamamoto R, Bai H, Dolezal AG, Amdam G, Tatar M. Juvenile hormone regulation of Drosophila aging.

BMC Biol. 2013; 11:85. https://doi.org/10.1186/1741-7007-11-85 PMID: 23866071

39. Landis GN, Ko S, Peng O, Bognar B, Khmelkov M, Bell HS, et al. A screen of small molecule and

genetic modulators of life span in female Drosophila identifies etomoxir, RH5849 and unanticipated tem-

perature effects. Fly (Austin). 2022; 16(1):397–413. https://doi.org/10.1080/19336934.2022.2149209

PMID: 36412257

40. Han X. Lipidomics for studying metabolism. Nat Rev Endocrinol. 2016; 12(11):668–79. https://doi.org/

10.1038/nrendo.2016.98 PMID: 27469345

41. Wang M, Han X. Multidimensional mass spectrometry-based shotgun lipidomics. Methods Mol Biol.

2014; 1198:203–20. https://doi.org/10.1007/978-1-4939-1258-2_13 PMID: 25270931

42. Yang K, Cheng H, Gross RW, Han X. Automated lipid identification and quantification by multidimen-

sional mass spectrometry-based shotgun lipidomics. Analytical chemistry. 2009; 81(11):4356–68.

https://doi.org/10.1021/ac900241u PMID: 19408941

43. Wing KD, Slawecki RA, Carlson GR. RH 5849, a Nonsteroidal Ecdysone Agonist: Effects on Larval Lep-

idoptera. Science. 1988; 241(4864):470–2. https://doi.org/10.1126/science.241.4864.470 PMID:

17792610

PLOS ONE Drosophila mutations and mifepristone

PLOS ONE | https://doi.org/10.1371/journal.pone.0292820 December 21, 2023 28 / 30

https://doi.org/10.1093/gerona/glw072
http://www.ncbi.nlm.nih.gov/pubmed/27093874
https://doi.org/10.3389/fragi.2022.924957
https://doi.org/10.3389/fragi.2022.924957
http://www.ncbi.nlm.nih.gov/pubmed/35935727
https://doi.org/10.1371/journal.pone.0176689
http://www.ncbi.nlm.nih.gov/pubmed/28520752
https://doi.org/10.1016/j.cois.2020.07.003
http://www.ncbi.nlm.nih.gov/pubmed/32898765
https://doi.org/10.1146/annurev-genet-111212-133343
http://www.ncbi.nlm.nih.gov/pubmed/24016187
https://doi.org/10.1016/j.crmeth.2021.100059
http://www.ncbi.nlm.nih.gov/pubmed/35474669
https://doi.org/10.1038/nrg1581
http://www.ncbi.nlm.nih.gov/pubmed/15803199
https://doi.org/10.1016/0012-1606%2886%2990179-x
https://doi.org/10.1016/0012-1606%2886%2990179-x
http://www.ncbi.nlm.nih.gov/pubmed/3081391
https://doi.org/10.1016/0092-8674%2885%2990015-7
http://www.ncbi.nlm.nih.gov/pubmed/3935320
https://doi.org/10.1016/j.cmet.2006.06.006
http://www.ncbi.nlm.nih.gov/pubmed/16814731
https://doi.org/10.1016/j.cmet.2009.10.010
http://www.ncbi.nlm.nih.gov/pubmed/19945405
https://doi.org/10.1016/j.cmet.2011.11.011
https://doi.org/10.1016/j.cmet.2011.11.011
http://www.ncbi.nlm.nih.gov/pubmed/22197324
https://doi.org/10.1101/gad.1833609
http://www.ncbi.nlm.nih.gov/pubmed/19952106
https://doi.org/10.1126/science.288.5473.2013
http://www.ncbi.nlm.nih.gov/pubmed/10856208
https://doi.org/10.1073/pnas.1515137113
http://www.ncbi.nlm.nih.gov/pubmed/26787908
https://doi.org/10.1186/1741-7007-11-85
http://www.ncbi.nlm.nih.gov/pubmed/23866071
https://doi.org/10.1080/19336934.2022.2149209
http://www.ncbi.nlm.nih.gov/pubmed/36412257
https://doi.org/10.1038/nrendo.2016.98
https://doi.org/10.1038/nrendo.2016.98
http://www.ncbi.nlm.nih.gov/pubmed/27469345
https://doi.org/10.1007/978-1-4939-1258-2%5F13
http://www.ncbi.nlm.nih.gov/pubmed/25270931
https://doi.org/10.1021/ac900241u
http://www.ncbi.nlm.nih.gov/pubmed/19408941
https://doi.org/10.1126/science.241.4864.470
http://www.ncbi.nlm.nih.gov/pubmed/17792610
https://doi.org/10.1371/journal.pone.0292820


44. Schlaepfer IR, Joshi M. CPT1A-mediated Fat Oxidation, Mechanisms, and Therapeutic Potential.

Endocrinology. 2020; 161(2).

45. Cuesta-Astroz Y, Gischkow Rucatti G, Murgas L, SanMartin CD, Sanhueza M, Martin AJM. Filtering of

Data-Driven Gene Regulatory Networks Using Drosophila melanogaster as a Case Study. Frontiers in

genetics. 2021; 12:649764. https://doi.org/10.3389/fgene.2021.649764 PMID: 34394179

46. Ma P, Zhang Y, Liang Q, Yin Y, Wang S, Han R, et al. Mifepristone (RU486) inhibits dietary lipid diges-

tion by antagonizing the role of glucocorticoid receptor on lipase transcription. iScience. 2021; 24

(6):102507. https://doi.org/10.1016/j.isci.2021.102507 PMID: 34308280

47. Huang W, Campbell T, Carbone MA, Jones WE, Unselt D, Anholt RRH, et al. Context-dependent

genetic architecture of Drosophila life span. PLoS Biol. 2020; 18(3):e3000645. https://doi.org/10.1371/

journal.pbio.3000645 PMID: 32134916

48. Hoedjes KM, Kostic H, Flatt T, Keller L. A Single Nucleotide Variant in the PPARgamma-homolog

Eip75B Affects Fecundity in Drosophila. Mol Biol Evol. 2023; 40(2).

49. Parker GA, Kohn N, Spirina A, McMillen A, Huang W, Mackay TFC. Genetic Basis of Increased Life-

span and Postponed Senescence in Drosophila melanogaster. G3 (Bethesda). 2020; 10(3):1087–98.

https://doi.org/10.1534/g3.120.401041 PMID: 31969430

50. Havula E, Ghazanfar S, Lamichane N, Francis D, Hasygar K, Liu Y, et al. Genetic variation of macronu-

trient tolerance in Drosophila melanogaster. Nature communications. 2022; 13(1):1637. https://doi.org/

10.1038/s41467-022-29183-x PMID: 35347148

51. Jahn D, Dorbath D, Schilling AK, Gildein L, Meier C, Vuille-Dit-Bille RN, et al. Intestinal vitamin D recep-

tor modulates lipid metabolism, adipose tissue inflammation and liver steatosis in obese mice. Biochim

Biophys Acta Mol Basis Dis. 2019; 1865(6):1567–78. https://doi.org/10.1016/j.bbadis.2019.03.007

PMID: 30905785

52. Kalaany NY, Mangelsdorf DJ. LXRS and FXR: the yin and yang of cholesterol and fat metabolism.

Annu Rev Physiol. 2006; 68:159–91. https://doi.org/10.1146/annurev.physiol.68.033104.152158

PMID: 16460270

53. Schultz JR, Tu H, Luk A, Repa JJ, Medina JC, Li L, et al. Role of LXRs in control of lipogenesis. Genes

Dev. 2000; 14(22):2831–8. https://doi.org/10.1101/gad.850400 PMID: 11090131

54. Koliada A, Gavrilyuk K, Burdylyuk N, Strilbytska O, Storey KB, Kuharskii V, et al. Mating status affects

Drosophila lifespan, metabolism and antioxidant system. Comp Biochem Physiol A Mol Integr Physiol.

2020; 246:110716. https://doi.org/10.1016/j.cbpa.2020.110716 PMID: 32339661

55. Shaposhnikov MV, Guvatova ZG, Zemskaya NV, Koval LA, Schegoleva EV, Gorbunova AA, et al.

Molecular mechanisms of exceptional lifespan increase of Drosophila melanogaster with different geno-

types after combinations of pro-longevity interventions. Commun Biol. 2022; 5(1):566. https://doi.org/

10.1038/s42003-022-03524-4 PMID: 35681084

56. Lee KP, Simpson SJ, Clissold FJ, Brooks R, Ballard JW, Taylor PW, et al. Lifespan and reproduction in

Drosophila: New insights from nutritional geometry. Proc Natl Acad Sci U S A. 2008; 105(7):2498–503.

https://doi.org/10.1073/pnas.0710787105 PMID: 18268352

57. Nasiri Moghadam N, Holmstrup M, Manenti T, Brandt Mouridsen M, Pertoldi C, Loeschcke V. The Role

of Storage Lipids in the Relation between Fecundity, Locomotor Activity, and Lifespan of Drosophila

melanogaster Longevity-Selected and Control Lines. PLoS One. 2015; 10(6):e0130334. https://doi.org/

10.1371/journal.pone.0130334 PMID: 26115349

58. Wat LW, Chao C, Bartlett R, Buchanan JL, Millington JW, Chih HJ, et al. A role for triglyceride lipase

brummer in the regulation of sex differences in Drosophila fat storage and breakdown. PLoS Biol. 2020;

18(1):e3000595. https://doi.org/10.1371/journal.pbio.3000595 PMID: 31961851

59. Parisi M, Li R, Oliver B. Lipid profiles of female and male Drosophila. BMC Res Notes. 2011; 4:198.

https://doi.org/10.1186/1756-0500-4-198 PMID: 21676256

60. Tabassum R, Ruotsalainen S, Ottensmann L, Gerl MJ, Klose C, Tukiainen T, et al. Lipidome- and

Genome-Wide Study to Understand Sex Differences in Circulatory Lipids. J Am Heart Assoc. 2022; 11

(19):e027103. https://doi.org/10.1161/JAHA.122.027103 PMID: 36193934

61. Beyene HB, Olshansky G, AA TS, Giles C, Huynh K, Cinel M, et al. High-coverage plasma lipidomics

reveals novel sex-specific lipidomic fingerprints of age and BMI: Evidence from two large population

cohort studies. PLoS Biol. 2020; 18(9):e3000870. https://doi.org/10.1371/journal.pbio.3000870 PMID:

32986697

62. Slade E, Irvin MR, Xie K, Arnett DK, Claas SA, Kind T, et al. Age and sex are associated with the plasma

lipidome: findings from the GOLDN study. Lipids Health Dis. 2021; 20(1):30. https://doi.org/10.1186/

s12944-021-01456-2 PMID: 33812378

63. Flatt T. Survival costs of reproduction in Drosophila. Exp Gerontol. 2011; 46(5):369–75. https://doi.org/

10.1016/j.exger.2010.10.008 PMID: 20970491

PLOS ONE Drosophila mutations and mifepristone

PLOS ONE | https://doi.org/10.1371/journal.pone.0292820 December 21, 2023 29 / 30

https://doi.org/10.3389/fgene.2021.649764
http://www.ncbi.nlm.nih.gov/pubmed/34394179
https://doi.org/10.1016/j.isci.2021.102507
http://www.ncbi.nlm.nih.gov/pubmed/34308280
https://doi.org/10.1371/journal.pbio.3000645
https://doi.org/10.1371/journal.pbio.3000645
http://www.ncbi.nlm.nih.gov/pubmed/32134916
https://doi.org/10.1534/g3.120.401041
http://www.ncbi.nlm.nih.gov/pubmed/31969430
https://doi.org/10.1038/s41467-022-29183-x
https://doi.org/10.1038/s41467-022-29183-x
http://www.ncbi.nlm.nih.gov/pubmed/35347148
https://doi.org/10.1016/j.bbadis.2019.03.007
http://www.ncbi.nlm.nih.gov/pubmed/30905785
https://doi.org/10.1146/annurev.physiol.68.033104.152158
http://www.ncbi.nlm.nih.gov/pubmed/16460270
https://doi.org/10.1101/gad.850400
http://www.ncbi.nlm.nih.gov/pubmed/11090131
https://doi.org/10.1016/j.cbpa.2020.110716
http://www.ncbi.nlm.nih.gov/pubmed/32339661
https://doi.org/10.1038/s42003-022-03524-4
https://doi.org/10.1038/s42003-022-03524-4
http://www.ncbi.nlm.nih.gov/pubmed/35681084
https://doi.org/10.1073/pnas.0710787105
http://www.ncbi.nlm.nih.gov/pubmed/18268352
https://doi.org/10.1371/journal.pone.0130334
https://doi.org/10.1371/journal.pone.0130334
http://www.ncbi.nlm.nih.gov/pubmed/26115349
https://doi.org/10.1371/journal.pbio.3000595
http://www.ncbi.nlm.nih.gov/pubmed/31961851
https://doi.org/10.1186/1756-0500-4-198
http://www.ncbi.nlm.nih.gov/pubmed/21676256
https://doi.org/10.1161/JAHA.122.027103
http://www.ncbi.nlm.nih.gov/pubmed/36193934
https://doi.org/10.1371/journal.pbio.3000870
http://www.ncbi.nlm.nih.gov/pubmed/32986697
https://doi.org/10.1186/s12944-021-01456-2
https://doi.org/10.1186/s12944-021-01456-2
http://www.ncbi.nlm.nih.gov/pubmed/33812378
https://doi.org/10.1016/j.exger.2010.10.008
https://doi.org/10.1016/j.exger.2010.10.008
http://www.ncbi.nlm.nih.gov/pubmed/20970491
https://doi.org/10.1371/journal.pone.0292820


64. Flatt T, Min KJ, D’Alterio C, Villa-Cuesta E, Cumbers J, Lehmann R, et al. Drosophila germ-line modula-

tion of insulin signaling and lifespan. Proc Natl Acad Sci U S A. 2008; 105(17):6368–73. https://doi.org/

10.1073/pnas.0709128105 PMID: 18434551

65. Barnes AI, Boone JM, Jacobson J, Partridge L, Chapman T. No extension of lifespan by ablation of

germ line in Drosophila. Proc Biol Sci. 2006; 273(1589):939–47. https://doi.org/10.1098/rspb.2005.

3388 PMID: 16627279

66. Shen J, Ford D, Landis GN, Tower J. Identifying sexual differentiation genes that affect Drosophila life

span. BMC Geriatr. 2009; 9:56. https://doi.org/10.1186/1471-2318-9-56 PMID: 20003237

67. White MA, Wolfner MF. The Effects of Male Seminal Fluid Proteins on Gut/Gonad Interactions in Dro-

sophila. Insects. 2022; 13(7). https://doi.org/10.3390/insects13070623 PMID: 35886799

68. Obniski R, Sieber M, Spradling AC. Dietary Lipids Modulate Notch Signaling and Influence Adult Intesti-

nal Development and Metabolism in Drosophila. Dev Cell. 2018; 47(1):98–111 e5. https://doi.org/10.

1016/j.devcel.2018.08.013 PMID: 30220569

69. Guo Z, Ohlstein B. Stem cell regulation. Bidirectional Notch signaling regulates Drosophila intestinal

stem cell multipotency. Science. 2015; 350(6263). https://doi.org/10.1126/science.aab0988 PMID:

26586765

70. Takashima S, Aghajanian P, Younossi-Hartenstein A, Hartenstein V. Origin and dynamic lineage char-

acteristics of the developing Drosophila midgut stem cells. Dev Biol. 2016; 416(2):347–60. https://doi.

org/10.1016/j.ydbio.2016.06.018 PMID: 27321560

71. Jiang H, Edgar BA. Intestinal stem cells in the adult Drosophila midgut. Exp Cell Res. 2011; 317

(19):2780–8. https://doi.org/10.1016/j.yexcr.2011.07.020 PMID: 21856297

72. Murphy RM, Hall CF. Some correlates of negative geotaxis in Drosophila melanogaster. Animal Behav-

iour. 1969; 17(1):181–5.

73. Booth LN, Shi C, Tantilert C, Yeo RW, Miklas JW, Hebestreit K, et al. Males induce premature demise

of the opposite sex by multifaceted strategies. Nat Aging. 2022; 2(9):809–23. https://doi.org/10.1038/

s43587-022-00276-y PMID: 37118502

74. Taylor SR, Ramsamooj S, Liang RJ, Katti A, Pozovskiy R, Vasan N, et al. Dietary fructose improves

intestinal cell survival and nutrient absorption. Nature. 2021; 597(7875):263–7. https://doi.org/10.1038/

s41586-021-03827-2 PMID: 34408323

75. Priyadarshini E, Anuradha CV. Glucocorticoid Antagonism Reduces Insulin Resistance and Associated

Lipid Abnormalities in High-Fructose-Fed Mice. Can J Diabetes. 2017; 41(1):41–51. https://doi.org/10.

1016/j.jcjd.2016.06.003 PMID: 27614803

76. Prusator DK, Chang L. Sex-Related Differences in GI Disorders. Handbook of experimental pharmacol-

ogy. 2017; 239:177–92. https://doi.org/10.1007/164_2016_121 PMID: 28233176

77. Kim SE, Paik HY, Yoon H, Lee JE, Kim N, Sung MK. Sex- and gender-specific disparities in colorectal

cancer risk. World journal of gastroenterology: WJG. 2015; 21(17):5167–75.

78. Heo JW, Kim SE, Sung MK. Sex Differences in the Incidence of Obesity-Related Gastrointestinal Can-

cer. International journal of molecular sciences. 2021; 22(3). https://doi.org/10.3390/ijms22031253

PMID: 33513939

79. Hammond KA. Adaptation of the maternal intestine during lactation. J Mammary Gland Biol Neoplasia.

1997; 2(3):243–52. https://doi.org/10.1023/a:1026332304435 PMID: 10882308

80. Sabet Sarvestani F, Rahmanifar F, Tamadon A. Histomorphometric changes of small intestine in preg-

nant rat. Vet Res Forum. 2015; 6(1):69–73. PMID: 25992254

81. Ren C, Finkel SE, Tower J. Conditional inhibition of autophagy genes in adult Drosophila impairs immu-

nity without compromising longevity. Exp Gerontol. 2009; 44(3):228–35. https://doi.org/10.1016/j.exger.

2008.10.002 PMID: 18955126

82. Yang J, Tower J. Expression of hsp22 and hsp70 transgenes is partially predictive of drosophila survival

under normal and stress conditions. J Gerontol A Biol Sci Med Sci. 2009; 64(8):828–38. https://doi.org/

10.1093/gerona/glp054 PMID: 19420297

83. Ren C, Webster P, Finkel SE, Tower J. Increased internal and external bacterial load during Drosophila

aging without life-span trade-off. Cell Metab. 2007; 6(2):144–52. https://doi.org/10.1016/j.cmet.2007.

06.006 PMID: 17681150

84. Landis GN, Doherty D, Tower J. Analysis of Drosophila melanogaster Lifespan. Methods Mol Biol.

2020; 2144:47–56. https://doi.org/10.1007/978-1-0716-0592-9_4 PMID: 32410023

85. R: A language and environment for statistical computing. [Internet]. R Foundation for Statistical Com-

puting, Vienna, Austria. 2020. Available from: https://www.R-project.org/.

86. Micchelli CA. Whole-mount immunostaining of the adult Drosophila gastrointestinal tract. Methods.

2014; 68(1):273–9. https://doi.org/10.1016/j.ymeth.2014.03.022 PMID: 24680702

PLOS ONE Drosophila mutations and mifepristone

PLOS ONE | https://doi.org/10.1371/journal.pone.0292820 December 21, 2023 30 / 30

https://doi.org/10.1073/pnas.0709128105
https://doi.org/10.1073/pnas.0709128105
http://www.ncbi.nlm.nih.gov/pubmed/18434551
https://doi.org/10.1098/rspb.2005.3388
https://doi.org/10.1098/rspb.2005.3388
http://www.ncbi.nlm.nih.gov/pubmed/16627279
https://doi.org/10.1186/1471-2318-9-56
http://www.ncbi.nlm.nih.gov/pubmed/20003237
https://doi.org/10.3390/insects13070623
http://www.ncbi.nlm.nih.gov/pubmed/35886799
https://doi.org/10.1016/j.devcel.2018.08.013
https://doi.org/10.1016/j.devcel.2018.08.013
http://www.ncbi.nlm.nih.gov/pubmed/30220569
https://doi.org/10.1126/science.aab0988
http://www.ncbi.nlm.nih.gov/pubmed/26586765
https://doi.org/10.1016/j.ydbio.2016.06.018
https://doi.org/10.1016/j.ydbio.2016.06.018
http://www.ncbi.nlm.nih.gov/pubmed/27321560
https://doi.org/10.1016/j.yexcr.2011.07.020
http://www.ncbi.nlm.nih.gov/pubmed/21856297
https://doi.org/10.1038/s43587-022-00276-y
https://doi.org/10.1038/s43587-022-00276-y
http://www.ncbi.nlm.nih.gov/pubmed/37118502
https://doi.org/10.1038/s41586-021-03827-2
https://doi.org/10.1038/s41586-021-03827-2
http://www.ncbi.nlm.nih.gov/pubmed/34408323
https://doi.org/10.1016/j.jcjd.2016.06.003
https://doi.org/10.1016/j.jcjd.2016.06.003
http://www.ncbi.nlm.nih.gov/pubmed/27614803
https://doi.org/10.1007/164%5F2016%5F121
http://www.ncbi.nlm.nih.gov/pubmed/28233176
https://doi.org/10.3390/ijms22031253
http://www.ncbi.nlm.nih.gov/pubmed/33513939
https://doi.org/10.1023/a%3A1026332304435
http://www.ncbi.nlm.nih.gov/pubmed/10882308
http://www.ncbi.nlm.nih.gov/pubmed/25992254
https://doi.org/10.1016/j.exger.2008.10.002
https://doi.org/10.1016/j.exger.2008.10.002
http://www.ncbi.nlm.nih.gov/pubmed/18955126
https://doi.org/10.1093/gerona/glp054
https://doi.org/10.1093/gerona/glp054
http://www.ncbi.nlm.nih.gov/pubmed/19420297
https://doi.org/10.1016/j.cmet.2007.06.006
https://doi.org/10.1016/j.cmet.2007.06.006
http://www.ncbi.nlm.nih.gov/pubmed/17681150
https://doi.org/10.1007/978-1-0716-0592-9%5F4
http://www.ncbi.nlm.nih.gov/pubmed/32410023
https://www.R-project.org/
https://doi.org/10.1016/j.ymeth.2014.03.022
http://www.ncbi.nlm.nih.gov/pubmed/24680702
https://doi.org/10.1371/journal.pone.0292820

